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ABSTRACT
The dielectric properties of material play a relevant role when developing moisture content
sensors of agricultural products. However, little is known about the permittivity of switchgrass and
corn stover in a wider frequency band. Thus, this research goal was to determine their dielectric
constant and loss factor at different moisture contents and frequency range of 5 Hz to 13 MHz. Also,
an electrical sensor system was developed to predict the amount of water in agricultural products
with the material static and in movement.
The dielectric properties of switchgrass and corn stover were calculated by measuring their
admittance using an impedance analyzer at three different moisture content levels, approximately
between 9 and 30.5% and a fixed bulk density of 0.133 g/cm3. Overall, it was observed that
the dielectric properties of these materials increased with moisture content but decreased with
frequency. Prediction models were developed using the data of a frequency range of 10 kHz to 5
MHz. These models R2’s were higher than 0.90 in general; however, the R2 was 0.9811 for a model
in a frequency range from 100 kHz to 5 MHz for the loss factor of switchgrass in movement.
A sensor system was designed to generate and read a super-imposed multi-frequency signal that
was sent and received from a device under test (DUT) with switchgrass. These input and output
signals were analyzed to estimate the moisture content at four levels. Overall, the attenuation
between the input and output waves increased with moisture. Two models were created to estimate
water from switchgrass. They had an R2 of 0.7901 and 0.9976 for the material static and in
movement, respectively.
The permittivity of switchgrass and corn stover were successfully estimated for the frequency
range of 10 kHz to 5 MHz at three moisture levels. Additionally, the developed sensor system was
capable of sensing the moisture of switchgrass, but more investigation is necessary. This study
helps to comprehend the influence of the electric field at different frequencies on these materials.
1CHAPTER 1. OVERVIEW
The dielectric properties dictate the interaction of material inside an electric field. These prop-
erties are broadly investigated for their use in non-destructive electronic instruments to measure
agricultural products factors, such as moisture content and bulk density. The focus of this study
is to research the effects of different factors on the dielectric properties of switchgrass and corn
stover. This chapter provides background for the importance of this research, beyond the theory
and objectives related to this study.
1.1 Introduction
The demand for energy increases with the population growth and development of new everyday
technology. However, the use of fossil fuels, one of the primary sources of energy, are condemned due
to the rising concerns of the harmful impacts that they can cause to the environment. Meanwhile,
there is an increasing interest for new types of cleaner energy sources, where the renewable ones
are attractive regarding efficiency, cost, and, mainly, impact to the ecosystem. Indeed, biodiesel
could help reduce greenhouse and other toxic gases in the air when replacing conventional diesel
(Demirbas, 2009). However, according to an EIA (2018) report, the energy consumption in 2050
will be 120 quadrillions British Thermal Units (BTU) in the least conservative scenario presented.
To achieve this scenario, the energy production from renewable sources should increase from a little
less than ten quadrillions to 15 quadrillions BTUs.
Agriculture has a crucial role in the development of biorenewable resources to be used as fuel.
Nowadays, the most significant agricultural commodities, such as corn and soybeans, can also be
used for the production of biofuels. On the other hand, the cultivation of these leads to residues
unsuitable for human consumption. As an alternative, these residues can be used as animal forage,
land coverage, or as organic matter incorporated into the soil. Since some of these residues are rich
2in lignocellulose, they can be converted to energy by using second-generation biofuels technology.
Indeed, ethanol yields of 160 to 460 Liters per ton of material can be achieved using these products
as feedstock (Zabed et al., 2016). Beyond ethanol, lignocellulosic biomasses can be converted
to biochar, bio-oil, and syngas through pyrolysis; which is a thermochemical process where the
material is heated in high temperature in the absence of oxygen, forcing its thermal decomposition.
Biochar is the result of the pyrolysis’ solid phase, while the bio-oil is the polar and high molecular-
weight compounds from the vapor condensed as a liquid, and syngas is the remaining gas with
low-molecular-weight volatile compounds (Laird et al., 2009). These products can be used as
energy sources for different purposes, but biochar is being widely implemented as a soil amendment
for quality improvement and carbon sequestration (Chan et al., 2007).
Corn stover is a byproduct of the corn harvest. It consists of the leaves, stalks, and cobs left in
the field after the corn is mechanically harvested. Corn stover is also a material rich in constituents
for fuel production. It is mostly composed by glucose (36.7% of the dry matter - DM), xylose
(21.1% DM), arabinose (2.9% DM), galactose (1.9% DM), and lignin (30.8% DM) (Murphy and
McCarthy, 2005). These chemical compounds are the base for converting the biomass into different
biofuels.
Besides the agricultural residues previously described, perennial grasses can also be used as
feedstock for energy conversion. For example, switchgrass (Panicum virgatum) is a plant native
from North America that can be used as a dedicated energy crop. Switchgrass was chosen as a
model energy crop due to its benefits to the environment, easy propagation, and the possibility of
genetic improvement for better yields (Kszos et al., 2001). Additionally, McLaughlin and Kszos
(2005) stated that switchgrass could improve carbon sequestration in soils that can increase pro-
ductivity and nutrient cycling. Beyond that, the authors said that switchgrass could compete as
an agricultural crop and for the fuel industry when produced for biofuels. According to Hu et al.
(2010), in general, switchgrass is chemically composed of arabinose (3.2% DM), galactose (1.1%
DM), glucose (34.3% DM), xylose (20.9% DM), and lignin (17.5% DM). Xylose and glucose are
two sugars that can be used as constituents for ethanol fermentation. Meanwhile, lignin can be
3converted to fuels by pyrolysis (Kawamoto, 2017). Thus, switchgrass is feasible for the production
of renewable energy.
Moisture Content (MC) is a determinant factor during harvest for agricultural materials. Crops
can be easily damaged during mechanical harvest if they are drier than necessary, which leads to
losses in their overall quality and, consequently, to the depreciation of their value for commercial-
ization. Shinners et al. (2007) showed that harvesting wet corn stover (average moisture content of
37.9% wet basis - w.b.) resulted in higher yields compared to dry this product (average of 19.6%
w.b.). If harvested too wet, more energy will be necessary to dry them further until the required
levels of moisture are achieved, increasing the cost of operation. For instance, forage is widely
used for animal feeding, where the moisture content at the moment of the harvest will define its
storage and preservation method. For ensilage, the forage is cut at 70% to 80% m.c., and let to
dry on the field until 50% to 65%. Then, it is chopped in short lengths before packed and stored
in airtight chambers to be preserved by fermentation due to the lack of oxygen (Srivastava et al.,
2006). Similarly, for hay, the forage should be cut and dried until 15% to 23% before storage. Rotz
et al. (1991) predicted the average dry matter loss for different harvest systems as seen in Figure
1.1. It can be observed that dry matter losses were smaller during storage compared to harvest
losses for the drier alfalfa, but the total losses were smaller for wet silage compared to field-cured
hay. Forage material has high volumes of water; thus, it is crucial to monitor the moisture during
harvest to avoid dry matter losses on post-harvest operations.
The standard method for moisture content determination of forages (ASABE, 2012) can be
laborious and time-consuming. Essentially, it consists of weighing samples of the material before
and after it is dried in an oven at 103 ◦C for 24 hours. Thus, new tools for fast determination of
moisture content are desirable to improve the decision making related to forage. State of the art
is using electrical or optical instruments that promptly measure and display results for moisture
content and bulk density, beyond other features, of organic materials. However, such devices need
calibration to behave correctly, which depends on the characteristics of the material, such as size,
chemical composition, product temperature, and others.
4Figure 1.1: Dry matter losses for alfalfa harvested at various moisture levels averaged for 26 years
of East Lansing, Michigan weather (Rotz et al., 1991)
Agricultural and organic materials are considered dielectric materials, i.e., they are poor con-
ductors of electricity. These type of matters have dielectric properties that characterize the electric
field formed. For instance, one of these properties is the permittivity, which represents the resis-
tance of dielectric material to create this electric field. The permittivity depends on the frequency
of the applied electric signal, due to the polarization effect of the material molecules. Additionally,
most electrical sensors are based on the dielectric properties of a material to measure its charac-
teristics. Thus, to fully understand the permittivity of a substance and develop a sensor capable
of measuring its features, more investigation is needed for different frequency ranges.
The study of the dielectric constant of agricultural materials started around 1953 (Nelson et al.,
1953). Early reports on grain and seed dielectric properties date back to 1965, where Dr. Nelson
studied the permittivity and conductivity in the considered radio frequency range of 1 to 50 mega-
cycles (or MHz) (Nelson, 1965). Further, another study reported on the dielectric properties of
common grain and seeds, but in the audio frequency range (0.25 to 20 kHz)(Stetson and Nelson,
51972). Based on these two reports, it was observed that both the dielectric constant and loss factor
were higher for the audio frequencies compared to the radio frequencies. For different agricultural
seeds and grains, the moisture content of these products is the most influential factor on their
permittivity, followed by bulk density and temperature of the studied materials besides frequency
(Nelson, 1982). Thus, electrical sensors, which are based on the material, electrical permittivity,
are ideal for measuring its moisture content.
Since then, several studies focused on developing sensors for moisture content based on the
dielectric properties of agricultural commodities such as grains, seeds, and legumes. (Trabelsi and
Nelson, 2004; Kandala et al., 2007; Lewis and Trabelsi, 2012; Lewis et al., 2015; Trabelsi et al.,
2016). These sensors were all developed testing the material static inside the sample holder. Other
works used sensor cells with flowing material to measure its moisture content with the product in
movement (Benning et al., 2004; Nelson et al., 2016; McKeown et al., 2017).
Related to grasses and lignocellulosic residues, there are numerous works using frequencies in
the Gigahertz frequency range (0.9 to 3.3 GHz) in their measurements (Wee et al., 2009; Motasemi
et al., 2014a,b, 2015). Thus, more research is needed for the other frequency ranges for these types
of materials. Additionally, little is known about the differences in permittivity for corn stover and
switchgrass for static and flowing material inside an electrical field. Thus, the objective of this
work is to study the dielectric properties of switchgrass and corn stover in a broader frequency
range; furthermore, develop a sensor capable of predicting moisture content and bulk density of
these agricultural materials in movement and static conditions.
1.2 Theory
1.2.1 Dielectric Properties of Materials
Dielectric materials, including most agricultural and organic matters, are those that poorly
conduct electricity. The dielectric properties of materials outline the behavior and interaction of
these products inside an electrical field. When a material is placed inside an electric field, its
molecules polarize according to the applied field frequency and eventually affecting the current
6distribution. The polarization of the molecules inside this electrical field will be dictated according
to the product dielectric properties, as well as the energy lost and stored by the same. Additionally,
changes in features of a dielectric material, such as moisture content or density, will alter its
dielectric properties and, consequently, the induced electric field where it is located. One of these
dielectric properties is the permittivity (ε), which measures the resistance of forming an electric field
within a medium. The permittivity is a complex variable, where the real part is named dielectric
constant (ε′) and the imaginary part is called dielectric loss factor (ε′′), as observed in equation
1.1, where j is equivalent to
√−1.
ε = ε′ + jε′′ (1.1)
The dielectric constant is related to the ability of the material to retain energy inside an electric
field and its distribution. Additionally, the dielectric constant will determine the capacitance value
of a parallel-plate capacitor with a dielectric material, between them, other than air. Meanwhile,
the loss factor is a property related to energy dissipation in the form of heat by the material. The
loss angle (δ), or dissipation factor, is calculated using equation 1.2. This parameter quantifies
the ratio of electromagnetic energy lost and stored due to the dielectric material inside the electric
field.
tan(δ) =
ε′′
ε′
(1.2)
The permittivity of free space - air or vacuum -(εo) is 8.85×10−12farad/m, and it is the lowest
value possible for this property for any material. Thus, it is common to interpret the relative
permittivity of a material (εr) as the ratio between the dielectric material and the free space
permittivities as stated by equation 1.3.
εr =
ε
εo
(1.3)
The frequency of the applied electric field is one of the critical factors that influence permittivity.
As stated by Nelson and Trabelsi (2016), “An important phenomenon contributing to the frequency
7dependence of the dielectric properties is the polarization, arising from the orientation with the
imposed electric field, of molecules which have permanent dipole moments.” There are four forms
of molecule polarization: electronic, ionic, orientation, and space charge polarization. They all
depend on the structure of the molecules and frequency of the applied electrical field, even though
these phenomena can happen simultaneously (Bain and Chand, 2017).
For the frequency, the spectra of the permittivity for pure polar materials can be expressed by
the Debye-type relaxation function (Debye, 1929), as observed in equation 1.4.
ε = ε∞ +
εs − ε∞
1 + jωτ
(1.4)
Where ε∞ is the dielectric constant at very high frequencies, such that molecular orientation
does not have time to contribute to the polarization; εs represents the static dielectric constant
where the frequency is zero; τ is the relaxation time, which represents the period for the dipoles
to revert to random orientation when the electric field is removed; and ω is the angular frequency
of the applied electric field in radians per second. The Equation 1.4 can be solved by its real and
imaginary parts for the dielectric constant and loss factor of polar materials, respectively, as follows.
ε′ = ε∞ +
εs − ε∞
1 + (ωτ)2
(1.5)
ε′′ =
ωτ(εs − ε∞)
1 + (ωτ)2
(1.6)
Kaatze (1989) showed that distilled and deionized water behaves as a pure polar dielectric
material. Thus, the values of ε∞, εs, and τ for water at 20 0C were used to illustrate the frequency
dependence for the dielectric constant and loss factor, as seen in Figure 1.2. It can be observed
that, at the lower and higher frequencies, the dielectric constant is equal to ε∞ and εs, respectively.
For the loss factor, the peak is reached at ω = 1/τ , which is called the relaxation frequency, where
the amount of energy dissipated in the form of heat will achieve its maximum value. This could be
an essential point to observe for material heating applications.
8Figure 1.2: Dielectric constant and loss factor calculated using the Debye equations for pure water
However, since not all materials are pure polar, the Debye equation is not the best fit. For
agricultural materials, water is one of the main components, but it is not the only one. Additionally,
these products have a different chemical composition that can react differently to the applied electric
field. Thus, it is necessary to better investigate the dielectric properties of various products due to
their intrinsic characteristics.
1.2.2 Electrical admittance
Electrical admittance (Y) can be defined as the easiness that a current will flow through a
circuit. This variable is the complex reciprocal of the electrical impedance (Z), where the real part
is the conductance (G), and the imaginary part is the susceptance (B), as observed from equation
1.7.
Y ≡ 1
Z
= G+ jB =
1
R+ 1XC
(1.7)
9Where R is the resistor value and XC is the capacitive reactance, both in Ohms - Ω. As
previously mentioned, the impedance of a circuit is the complex reciprocal of the admittance; thus,
the conductance and susceptance as G = R
R2+XC
2 and B =
XC
R2+XC
2 , respectively. The dissipation
factor (tan δ) can be expressed in terms of the resistance, reactance, conductance, susceptance, and
the dielectric permittivity, as written as in Equation 1.8.
tan(δ) =
ε′′
ε′
=
R
XC
=
G
B
(1.8)
The capacitive reactance is defined as XC =
1
ωC , where C is the capacitance (Faraday) of a
parallel-plate capacitor similar to Figure 1.3 filled with a dielectric material, and ω is the angular
frequency (rad/s) of the applied electric field. Also, G is equal to ωC0ε
′′ (Lawrence and Nelson,
1993). Substituting these relationships into Equation 1.8, the dielectric constant of the material
can be calculated.
Figure 1.3: Parallel resistor-capacitor circuit (left) and parallel-plate capacitor with area A and
distance between electrodes d (right)
G = ωC0ε
′′ → ε
′′
ε′
=
ωC0ε
′′
B
→ ε′ = B
ωC0
(1.9)
Where the capacitance of free space as the dielectric material is C0 = ε0 × A/d. A and d are,
respectively, the area (m2) and distance (m) of the capacitor plates, as observed in Figure 1.3.
Additionally, the relative loss factor, ε′′, can be solved according to
ε′′ =
G
ωC0
(1.10)
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Using equations 1.9 and 1.10, the complex permittivity of a dielectric material can be calculated
by measuring the conductance and susceptance, similar to what was reported by Nelson (1965).
As observed from the previous equations, both the dielectric constant and loss factor depend
on the frequency of the applied electrical field: higher the frequency, smaller will be their values.
Thus, it is expected that the frequency will have a high impact on the permittivity of biological
products. Hence, the goal of this work is to investigate the effects of frequency on the dielectric
properties of different agricultural materials.
1.3 Objectives
This research was divided into two main studies: the measurement of susceptance and conduc-
tance for the determination of the dielectric constant and loss factor of switchgrass and corn stover
at different frequencies; and development of a capacitive sensor capable of predicting moisture con-
tent and bulk density for agricultural materials. Additionally, it was investigated the differences
with these materials, inside the capacitor, in movement and stationary. The primary and specific
objectives of this research were
1. Determine the dielectric constant and loss factor of switchgrass and corn stover.
(a) Develop a sensor cell that behaves as a capacitor to measure electrical admittance with
the material in movement and stationary.
(b) Measure switchgrass and corn stover conductance and susceptance for different moisture
content and frequencies.
(c) Calculate the dielectric constant and loss factor of switchgrass and corn stover based on
the conductance and susceptance readings.
(d) Measure admittance and calculate permittivity with the studied materials stationary
and in movement inside the sensor sample holder.
(e) Develop a model to calculate dielectric constant and loss factor based on the moisture
content of switchgrass and corn stover and applied electrical field.
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2. Develop a capacitive sensor to predict moisture content of agricultural materials
(a) Develop a signal conditioning printed-circuit board (PCB) to measure admittance of the
materials inside the previously developed sensor cell
(b) Develop a circuitry capable of generate and read electrical signals with super-imposed
frequencies
(c) Based on the electrical readings, calculate the admittance and permittivity of the mate-
rials under different moisture content and bulk densities, for material in movement and
static inside the sensor sample holder
(d) Develop a calibration model to predict moisture content based on the electrical readings
of the sensor
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CHAPTER 2. LITERATURE REVIEW
The literature review is provided to list past studies about dielectric properties of agricultural
products and technologies for sensing features of these materials and situate this research in the
actual context of this field. This chapter was organized in chronological order. The first part
provided several studies about the dielectric properties of agricultural and food products; the
second part presents research on applications using the dielectric properties as the base.
2.1 The Dielectric Properties of Agricultural Products
The measurement of agricultural products dielectric properties can be dated back to 1945,
where Dunlap and Makower (1945) measured the dielectric constant and conductivity of dehydrated
carrot at different moisture content (1.5 - 21.6%), temperature (1.2 - 39.8 ◦C), frequency (18 kHz
- 5 MHz), density (0.760 - 1.38 g.cm−3), and particle size. For the measurements, a cylindrical
sensor cell was designed where the temperature could be controlled. The conductivity was measured
with a galvanometer for the lower conductivities (10−10 to 10−13ohm−1), and a multi-tester and an
electronic ohmmeter were used for the higher conductivities (10−7 to 10−10). For dielectric constant
determination, the capacitances of the sensor with and without the materials were measured using
a bridge circuit and a General Radio Co. Type 722D standard condenser. For the conductivity, low
temperature and moisture content had a small effect upon this property; however, the conductivity
increased exponentially for temperatures higher than 1.5 ◦C and m.c. above 6 to 8 %. In general,
the dielectric constant increased with the moisture content, temperature, and bulk density, but
decreased with frequency, as observed in Figure 2.1. Interestingly, the temperature also increased
the rate of change in moisture content for this dielectric property. In other words, higher the
temperature, higher was the difference in the dielectric constant in different moisture levels. On
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Figure 2.1: Variation of the dielectric constant with frequency at various moisture contents at 20.7
◦C. The frequency variation of c is very slight at low moisture contents, but is large for high
moisture contents.(Dunlap and Makower, 1945)
the other hand, the dielectric constant and conductivity were slightly affected by the size of the
particles.
In 1965, Nelson (1965) revised and compiled the dielectric permittivity of several grains and
seeds in the 1 to 50 MHz range. Similar to the Dunlap and Makower (1945) work, the studies shown
reported an increase in the dielectric constant of grain and seeds with the moisture content for the
studied frequency range. Additionally, the author indicated that the changes in dielectric constant
and loss factor due to moisture content were higher at lower frequencies than higher frequencies.
For example, for hard red winter wheat, the loss factor value varied approximately between 0.2 to
1.0 for 1 MHz, but ranged between 0.4 to 0.6 to 50 MHz, for all moisture levels studied (Figure
2.2).
The dielectric properties at the audio-frequency range were measured for grain and seeds (Stet-
son and Nelson, 1972). For this work, the conductivity (σ) is defined in terms of the dielectric loss
factor as:
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Figure 2.2: Dielectric properties of 1958 Nebraska-origin Nebred hard red winter wheat at indicated
moisture contents and 76 ◦F . Test weight: 59.7 lb/bu at 13.0% moisture (method b). Water added
for moisture contents above 12.7%. Adapted from Nelson (1965).
σ = ωε0ε
′′ (2.1)
The capacitance and dissipation factor were read from a dielectric sample holder using a Gen-
eral Radio Type 1608-A impedance bridge for the calculation of these dielectric properties. The
frequency range was from 0.25 to 20.0 kHz. Both dielectric constant and loss factor values were
higher compared to the radio frequency range of 1 to 50 MHz previously reported (Nelson, 1965).
Additionally, for the audio frequency range, the moisture content had a higher influence than bulk
density for these dielectric properties.
Nelson and Stetson (1976) measured the dielectric properties of seven varieties of hard red
winter wheat over the frequency range of 250 Hz to 12.1 GHz and a moisture content range of 2.5
to 24%. Seven different instruments were used for the different frequencies, where the dielectric
constant, loss factor, loss tangent, and conductivity of this agricultural product were calculated
from these instruments readings. Overall, the relative dielectric constant was higher than 100 for
the highest moisture content and lowest frequency; inversely, for the lowest moisture content and
highest frequency, the dielectric constant had its lowest value around 2. For the same frequency
and moisture content ranges, the dielectric loss factor varied from 103 to 0.1, loss tangent changed
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from 0.02 to 0.2, and the conductivity differed from 10 pΩ/cm to 5 mΩ/cm. These results are
similar to what was previously found in other studies.
The permittivity of the grain insects Sitohphilus oryzae (L.) and Triticum aestivum (L.) were
also studied isolated from grain (Nelson, 1976) using a signal frequency of 9.4 GHz. This study
investigated the relationship between the density of the insects inside the sample holder and their
dielectric constant and loss factor. This was done by anesthetizing a known mass of insects and
adding to the sample holder. Then, the internal volume was controlled by applying pressure in
the sample holder walls, and, consequently, decreasing the space inside. The applied pressure was
sufficient to change the density from 0.5 to 1.3 g/cm3 without expelling body fluids from the insects.
The dielectric constant was slightly higher than 4 for the smallest density and close to 32 for the
highest. For the loss factor, the value was barely above zero for the lowest density and higher
than 12 for the denser sample (Figure 2.3). Indeed, these results were very similar to other organic
materials, where both dielectric properties proportionally increased with the density. This research
was essential to help detect insects inside grain storage using microwave electrical signals since the
pests can mask the dielectric properties of grains when they are mixed in the same volume.
Nelson and Stetson (1976) measured the dielectric properties of seven varieties of hard red
winter wheat over the frequency range of 250 Hz to 12.1 GHz and a moisture content range of 2.5
to 24%. Seven different instruments were used for the different frequencies, where the dielectric
constant, loss factor, loss tangent, and conductivity of this agricultural product were calculated
from these instruments readings. Overall, the relative dielectric constant was higher than 100 for
the highest moisture content and lowest frequency; inversely, for the lowest moisture content and
highest frequency, the dielectric constant had its lowest value around 2. For the same frequency
and moisture content ranges, the dielectric loss factor varied from 103 to 0.1, loss tangent changed
from 0.02 to 0.2, and the conductivity differed from 10 pΩ/cm to 5 mΩ/cm. These results are
similar to what was previously found in other studies.
Nelson (1979) measured the dielectric constant and loss factor for shelled yellow-dent field corn
in a moisture range of 10 to 35%. The measurements were taken using three instruments for
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Figure 2.3: Relationships between the dielectric properties of adult rice weevils at 24 ◦C and 9.4
GHz and their density, showing extrapolation for estimation of insect body dielectric properties.
(Nelson and Stetson, 1976)
three frequencies: a Boonton* Q-Meter (Type 160-A) for measurements at 20 MHz, a General
Radio Admittance Meter (Type 1602B) at 300 MHz, and for the 2.45 GHz measurement, it was
used a short-circuited-line technique with a power signal generator, non-slotted line, and standing
wave indicator. Similar to other grains, corn showed the same behavior of the dielectric constant
and loss factor increasing with moisture content and decreasing with the frequency. Additionally,
the dielectric constant of the product was higher for increments in the bulk density. Indeed,
to accurately predict the moisture content, this research suggested correcting the measurements
concerning the bulk density and temperature. Furthermore, the author indicated that the dielectric
constant is the most reliable property to predict moisture content in corn.
Nelson (1987) compiled the data of dielectric properties for several grains and included some that
were never reported, including soybean. The equipment and frequencies utilized for this work were
the same as used for the corn study described previously. Also, the behavior of the soybean inside
an electric field was similar to other agricultural products. It was shown that the dielectric constant
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increased linearly with moisture content; however, the loss factor is more irregular compared to the
dielectric constant when determining the relationship between the factors involved.
Figure 2.4: Moisture dependence of the dielectric properties of soybeans, Glycine max (L.) Merrill,
at 24 ◦C and indicated frequencies. Bulk density range: 0.665 to 0.726 g/cm3 (Nelson, 1987).
The dielectric properties of food materials were also determined as a function of frequency
and temperature (Nelson and Bartley, 2002). For these measurements, a Hewlett-Packard 85070B
dielectric Probe was connected to a Hewlett-Packard 8510B Microwave Network Analyzer or a
Hewlett-Packard 4291 Impedance/Material Analyzer depending on the frequency utilized. Addi-
tionally, the temperature was controlled from 5 to 100 ◦C during the experiments. The materials
studied were wheat flour (powdered solid, figure 2.5), whey protein gel (semi-solid, figure 2.6), and
apple juice (liquid, figure 2.7) with different moisture contents. It can be observed that the apple
juice had an almost constant dielectric constant until 10 GHz (Figure 2.7); meanwhile, the other
two materials’ dielectric constant decreased when the frequency increase, as observed in Figures 2.5
and 2.6. For the loss factor, all three materials had the same decrease with an increased frequency;
however, the apple juice presented an increase close to the 10 GHz frequency, which it was very
similar to the behavior of water at close frequencies. Thus, it can be assumed that the material
behavior approximate to water inside an electrical field as its moisture content increases.
Kumar et al. (2007) studied the dielectric constant and loss factor of other food materials under
static and continuous flow conditions. According to the author, using microwaves as a form of
sterilization can replace conventional heating processes for pumpable foods; thus, it is important
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Figure 2.5: Frequency dependence of the dielectric properties of ground wheat (whole-wheat flour)
of 12% moisture content, w. b., at indicated temperatures. Sample density: 0.78 g/cm. (Nelson
and Bartley, 2002)
Figure 2.6: Frequency dependence of the permittivity of a whey protein gel of 74% moisture content,
w. b., and density of 1.05 g/cm3 at indicated temperatures (Nelson and Bartley, 2002).
to study the dielectric properties of these materials. For this case, the products selected were skim
milk, green pea puree, carrot puree, and salsa con queso. Additionally, the author compared the
results of these two dielectric constants for the material in movement and static. For example, it can
be observed that there were some growing differences between the flowing and static materials for
both dielectric constant and loss factor when increasing the temperature of the skim milk (Figure
2.8). However, this difference is more notable for the salsa con queso. The author attributed this
to the fact that salsa con queso is a multiphase product that, somehow, lead to a higher difference
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Figure 2.7: Frequency dependence of the dielectric properties of apple juice at indicated tempera-
tures (88.5% water). (Nelson and Bartley, 2002)
in dielectric constant and loss factor; thus, the structure of a material is also an important factor
when studying its behavior inside an electric field.
The dielectric properties of switchgrass, hay, and corn stover during the pyrolysis process were
measured using 915 and 2450 MHz microwaves (Motasemi et al., 2014a,b, 2015). The objective of
these works was to analyze the microwave absorption capacity for these three materials based on
their dielectric properties. For that, the moistureless materials were put inside a furnace where the
temperature was controlled to rise from 30 to 700 ◦C, where measurements were taken every two
seconds using the cavity perturbation technique. This technique measures in frequency shift and
quality factors in the microwave cavity response of the sample holder empty and filled with the
sample material (Peng et al., 2012), as observed in Figure 2.9.
The results for the drying and pyrolysis phases (30 to 200 ◦C and 200 to 450 ◦C, respectively)
showed a very similar trend for all three materials. However, for hay towards the end of pyrolysis
(between 400 to 450 ◦C), the relative dielectric loss factor started increasing (figure 2.11) while the
other two materials (figures 2.10 and 2.12) was practically constant for all the frequencies. For the
dielectric constant, as the temperature increased, this dielectric property decreased. According to
the authors, this was due to the loss of free and capillarity water, decomposition of volatile matter
and change in chemical composition, beyond the change in weight, and, consequently, material
density. In summary, the study of the dielectric properties of residual and grassy materials can
23
Figure 2.8: Dielectric constant (ε′) and dielectric loss factor (ε′′) of skim milk at 915 MHz (left);
Dielectric constant (ε′) and dielectric loss factor (ε′′) of salsa con queso (Brand C) at 915 MHz
(right). Adapted from Kumar et al. (2007).
be valuable for using microwaves as a heating method for pyrolysis or other energy absorbing
applications.
Ozturk et al. (2016) studied the dielectric properties of several vegetable powders, including
onion, chili, broccoli powders, tapioca flour, and potato starch at a radio frequency range (1 to
30 MHz). The instrument used was an LCR meter and a liquid test fixture inside a controlled
temperature chamber. Additionally, the effect of the material density on the dielectric constant
and loss factor was studied by adding a different amount of materials (0.5 to 3 grams) inside
the test fixture. It can be observed from Figure 2.13 that the dielectric constant decreased from
the initial density to the final one at an applied frequency of 27.12 MHz; however, there was an
increment before decreasing for most of the materials, except for the broccoli powder. For the
loss factor, the same trend was observed, where there was a growth before descending to the final
value, which, in general, was higher than the initial loss factor value, except for the tapioca flour
sample (Figure 2.13). The turning point in which the dielectric constant and loss factor decreased
must be due to intrinsic properties of the material and elimination of air inside the same. Thus, a
more thorough investigation of the material density effect is necessary to understand their behavior
inside an electrical field fully.
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Figure 2.9: Schematic of the TM0n0 cavity system for dielectric properties measurement. Adapted
from the (Peng et al., 2012)
The effect of temperature on the dielectric properties of biomass pellets were investigated by
McKeown et al. (2016). For this study, it was used samples of peanut-hull pellets with moisture
content ranging from 5.5 to 16%(w.b.). The measurements were made using a Hewlett-Packard
8510C Network Analyzer using microwave frequencies of 6, 10, and 14 GHz. The goal of this
research was to create models to predict the moisture content of the material based on the dielectric
properties by compensating for temperature and being density independent as well. The created
prediction model simplified the determination of moisture content since it can be used with any
density and temperature, being based only on the dielectric measurements. This could be a good
model to apply in scenarios where the density varies and the temperature is difficult to control.
This sections showed some of the most prominent works regarding the direct measurement
of dielectric properties. It could be noticed that moisture content, temperature, bulk density, and
frequency play the main roles when studying the permittivity of agricultural and other organic
materials. Thus, it is vital to keep studying these dielectric properties in a wider range of variables
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Figure 2.10: Dielectric properties of switchgrass vs. temperature under nitrogen environment at
915 MHz and 2450 MHz with initial density of 0.94 0.050 g/cc; (a) relative dielectric constant, (b)
relative loss factor. Adapted from Motasemi et al. (2014b)
Figure 2.11: Dielectric properties of hay vs. temperature under nitrogen environment at 915 MHz
and 2450 MHz with initial density of 0.76 0.05 g/cc; (a) relative dielectric constant and (b) relative
loss factor. (Motasemi et al., 2014a)
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Figure 2.12: Dielectric properties of corn stover against temperature under nitrogen environment
at 915 MHz and 2450MHz with initial density of0.89 0.05, g/cc; (a) relative dielectric constant and
(b) relative loss factor. (Motasemi et al., 2015)
Figure 2.13: Influence of compaction density on dielectric constant (left) and loss factor (right) of
vegetable powders at 27.12 MHz. Adapted from Ozturk et al. (2016).
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to fully comprehend the behavior of these material inside an electrical field, and the types of
applications that can be developed based on these properties. In that manner, research done with
the focus on sensing applications based on the dielectric measurements are revised to understand
the function of the dielectric constant and loss factor, for example, in real-word scenarios.
2.2 Application of Dielectric Properties in Agriculture
This section talks about the applications used in agriculture that have the dielectric properties
of materials as the base for sensing the products’ features. It covers research that used electrical
signals as a way to measure moisture content, bulk density, and other characteristics of grains,
vegetables, and other agricultural products. Similar to the last section, this one is organized by the
year the researches were published.
Kraszewski et al. (1977) studied the attenuation and phase shift of microwave electrical signals
for wheat at different moisture contents and densities. The measurements for a 9.4 GHz wave were
taken using a modulated subcarrier bridge circuit with the material between two horn antennas in
free space. The material moisture content ranged from 10 to 18%, and bulk density varied from
0.72 to 0.78 g/cm3. In general, both attenuation and phase shift linearly increased with moisture
content, as observed in Figure 2.14. The same linear relationship was observed for the density of
wheat. Thus, an equation to estimate the moisture content of wheat was calculated based on these
results (Equation 2.2).
mw =
4.099A+ 0.215φ
3.078φ− 38.66A (2.2)
Where A is the attenuation (decibels), and φ is the phase shift (degrees). This equation was
developed to be independent of the density and sample thickness. Thus, it can be used without
worrying about changes in the density of the sample during measurement as long the material is
considered homogeneous.
Additionally, the dielectric constant and loss factor were estimated using the measured atten-
uation and phase shift based on an equation designed in a previous study (Kraszewski, 1973) for
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Figure 2.14: Relation between attenuation (left) and phase shift (right) with moisture content for
different varieties of wheat (constant density). Adapted from Kraszewski et al. (1977).
microwave signals. As observed in Equation 2.3, the dielectric constant is directly related to the
phase shift, but not related to the attenuation for this case; where λ is the wavelength of the
electromagnetic wave, and t is the sample thickness. However, the dielectric loss factor is related
directly to attenuation and phase shift since the dielectric constant is present in the equation as
well (Equation 2.4). Still, these equations were used for a fixed wave frequency; thus, more research
utilizing more frequencies is necessary.
ε′ =
(
1 + φ× λ
2pit
)2
(2.3)
ε′′ =
(
A× λ×√ε′
8.686pit
)
(2.4)
Meyer and Schilz (1980) introduced a method for moisture measurement independent of the
density for homogeneous and not ferromagnetic materials. The function derived (Equation 2.5) is
specific to the material since it is in terms of the permittivity components, where ψ is the moisture
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Figure 2.15: Semilog plot of the density dependence of the function A(ψ) = [ε′(ψ) − 1]/ε′′(ψ) for
various materials. Adapted from Meyer and Schilz (1980)
content of the material. For this purpose, the experiments were performed in a waveguide sample
holder with an applied frequency wave of 12.5 GHz. The results showed that the function A(ψ) was
constant or varied within 10% for different materials with different densities, as shown in Figure
2.15. However, the authors stated that for industry use, the measurements might need adaptation,
and this function may need additional calibration to work correctly.
A(ψ) =
ε′ − 1
ε′′
(2.5)
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Benning et al. (2004) showed that superimposed multi-frequency signals could be used to mea-
sure moisture in forage in real-time. An electric circuit was developed to measure the voltage across
the device under test (DUT) using four different frequencies (1.0, 3.0, 7.0, and 13.0 MHz). The
designed system was able to generate and read superimposed electrical signals successfully; thus,
the measurements from the same material could be taken using different frequencies simultaneously.
Additionally, these frequencies were individually extracted using passband filters to minimize noise
and make measurements based on each wave individually, such as wave attenuation and phase
shift. Even though this method was utilized for static material, this could be implemented to
measurements with material in movement since the superimposed frequency wave will assure that
this signal will travel through the product in little time compared to the material flow rate.
Two calibration methods for different cereal grains were developed using attenuation and phase
shift, and the dielectric constant and loss factor of microwave signals (Trabelsi and Nelson, 2004).
Similar to other works, the ratio between the attenuation and phase shift was found to have a linear
relationship with the moisture content (M). Thus, a linear regression equation (equation 2.6) was
implemented to measure M based on these characteristics of the propagated wave transversing the
sample material, where a1,m and b1,m are the regression coefficient and constant, respectively.
ψ1 =
∆A
∆Φ
→ ψ1 = a1,m ×M + b1,m →M = ψ1 − b1,m
a1,m
(2.6)
The dielectric constant and loss factor were also used as calibration parameters for moisture
content determination. Similar to the attenuation and phase shift, a function ψ2 was used to fit
a regression equation to determine moisture content. This equation was also independent of the
density of the materials, although it could also be used to determine this grain parameter.
ψ2 =
ε′′
ε′ − 1 → ψ2 = a2,m ×M + b2,m →M =
ψ2 − b2,m
a2,m
(2.7)
As expected, the relationship between the functions ψ1 and ψ2 was linear with the moisture
content, as observed from Figure 2.16. The function ψ1 has the advantage to use the direct measure-
ments of the attenuation and phase shift to predicting moisture content; however, it is dependent
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Figure 2.16: Variation of density-independent calibration function ψ1 and ψ2 with moisture content
in wheat, corn, and soybeans at 10 GHz and room temperature. Adapted from Trabelsi and Nelson
(2004).
on the instrument that was used for this purpose. The second function (ψ2) depends only on the
dielectric properties of these parameters; thus, it can be used for any measurement technique as
long as the dielectric constant and loss factor of the material is known. Nevertheless, only one
frequency was studied in this purpose. Even though this can simplify the use of a sensor, studying
more frequencies can be beneficial to explore the effect of this parameter in sensing moisture in
granular materials.
Capacitive sensors were the base for different designed instruments to measure the moisture
content of several agricultural products. Kandala et al. (2007) developed a nondestructive sensor
to measure the moisture content of peanuts. An electronic circuit, capable of generating signals at 1
and 5 MHz, was created to measure the capacitance and the phase angle of a sample. These values
were used in an empirical equation to predict the moisture content of the product. In average, the
difference between the sensor readings and the standard oven method was 0.54% of moisture content,
where the highest difference (0.98%) was for the wettest peanut sample (18%). Similarly, Lewis
and Trabelsi (2012) built a stand-alone moisture meter for grain or seed samples. This instrument
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measured the attenuation and phase shift of the material inside of it; this information was used
to calculate the dielectric properties of the same; thus, the dielectric constant and loss factor were
used to determine the moisture content of the product. The results of this embedded system were
compared to a laboratory vector network analyzer, and there was no statistical difference between
the two instruments. Therefore, the moisture meter performed well with reliable results.
The bulk density of flowing material can fluctuate during its stream. Thus, methods to predict a
products’ moisture content were developed and investigated independently of the material‘s density.
Nelson and Trabelsi (2016) measured a microwave attenuation and phase shift through a layer of
grain or seed (corn, wheat, and soybeans). To control the grain flow, a system was created where
the material would flow vertically by gravity through a tube, where the aperture of this tube could
be modified to change the flow rate of the material. They used two antennas and a network analyzer
with a wave frequency of 5.8 GHz for the electrical measurements. Similar to work previously cited,
these electrical measurements were used to develop a calibration function (ψ) between the moisture
content of the samples and their dielectric properties (Equation 2.8).
ψ =
√
ε′′
ε′(afε′ − ε′′) (2.8)
Since the relationship between the function ψ and the moisture content was linear, a linear
regression model was utilized to calibrate the measured and calculated moisture content for both
flowing and static grain. The results showed that the moisture was very similar between static and
flowing material for all three commodities; Where the average difference was within one or two
standard deviations. The difference between the real moisture content and the calculated was also
low, where the maximum, in average, was 0.66% of m.c. for static low moisture corn and 0.07% of
m.c. for low moisture flowing soybean. Thus, this shows that density-independent moisture sensing
can be reliably applied to granular materials.
Similarly, McKeown et al. (2016) developed a density-independent calibration for moisture
sensing of biomass pellets (peanut hull and pine sawdust) using the same methods and principles.
However, for this case, the root mean square deviation (RMSD) between the flowing and static
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measurements increased with the flow rate; thus, the accuracy of the readings can be compromised
by the speed in which the mass of material is flowing. Still, the difference between predicted values
using the developed calibration models and the reference moistures was never higher than 1% of
moisture content.
2.3 Conclusions
The dielectric properties of agricultural materials have been widely studied for all types of ap-
plication, but mostly for moisture sensing. Characteristics of the studied material, such as moisture
content, density, and chemical composition, have a substantial influence on its behavior inside an
electrical field. Additionally, the frequency of this field will also affect the energy absorbed and lost
by the material. However, there is still space for research in this field. With the development of
new materials and crops, the dielectric properties can help design new applications and instruments
using electrical measurements as the basis. One of these materials are grasses that are being widely
used as biofuels or animal feed. More investigation is needed regarding its dielectric properties and
how these can be applied for moisture sensing, for example.
The dielectric properties of switchgrass and corn stover have been studied before, but it is
necessary to investigate the effect of a broader frequency and moisture content range. This study can
help the development of new sensors for different features predictions. Additionally, the difference
between static and flowing measurements can help design sensors capable of being used under these
two conditions, and implemented for harvesting or conveying systems.
The goal of this work is to expand the knowledge of the dielectric properties of switchgrass
and corn stover under the influence of different electrical field frequencies, moisture content, and
densities. These properties will serve as the basis to develop a moisture content sensor capable of
static and flowing measurements.
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CHAPTER 3. THE DIELECTRIC PROPERTIES OF SWITCHGRASS AND
CORN STOVER IN A RADIO-FREQUENCY RANGE
3.1 Introduction
Switchgrass (Panicum virgatum) and corn stover are two agricultural products widely used for
animal feed and biofuels. Typically, this material is cut and baled before further use. Depending
on the moisture content of the bales, proper treatment should be done to guarantee and maintain
their quality (Shinners et al., 2007). If the bales are too wet, there is a risk of spoilage; at the same
time, if they are too dry, there could be physical damage to the material and, consequently, loss of
dry matter during transportation from the field to storage. Thus, it is vital to monitor the moisture
content of these products during the baling process to avoid any loss of quality or quantity of these
materials.
Electric sensors are extensively used for measurement of diverse features. For moisture content,
tools have been developed as an alternative to inconvenient standard methods to quickly measure
the amount of water contained in a biological material in real time. These sensors can be used
in agriculture to measure the moisture content of products during harvest or drying, for example.
One of the physical foundations behind how the material behaves with electrical sensors is their
dielectric properties, which explain the interaction between an element and an electrical field. For
example, the dielectric properties can indicate if an object inside an electric field will conduct
electricity, store charges, or lose energy in the form of heat. One of these dielectric properties is the
electrical permittivity, which can indicate how much a medium material will oppose the external
electric field.
Permittivity (ε) is a complex variable, which the real part is the dielectric constant (ε′) and the
imaginary part is the dielectric loss factor (ε′′). The first part is related to the amount of charge
that is stored by the dielectric material inside the electric field, while the loss factor is associated
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to the amount of energy lost in the form of heat. The permittivity, then, can be expressed in the
form of the equation 3.1, where j is equal to
√−1. These two variables are highly dependent on the
frequency of the applied electric field but also influenced by the material characteristics, such as
composition, structure, density, temperature, and moisture content (Nelson, 1991).
ε = ε′ + jε′′ (3.1)
The dielectric properties of several agricultural grains have been widely studied for different
densities, moisture contents, and applications (Nelson and Stetson, 1976; Nelson, 1987; Nelson
and Trabelsi, 2016). For grassy material, the dielectric constant and loss factor for switchgrass,
hay, and corn stover were studied during the pyrolysis process (Motasemi et al., 2014a,b, 2015).
For these researchers, electrical signals with frequencies of 915 and 2540 MHz were applied to the
material while it was heated from room temperature to approximately 700 0C, with the objective
to transform these materials to char. However, it is still necessary to broaden the study of dielectric
properties for a wider range of frequencies and moisture contents. Additionally, for these grasses,
there is no report if there is a difference in their dielectric properties when they are static or in
movement, even though it was studied for other agricultural products (Nelson et al., 2016; McKeown
et al., 2017). The effects of these Gramineae materials flowing on the permittivity can be crucial
when designing other applications using electrical and capacitive sensors.
The goal of this research was to determine the dielectric properties of switchgrass and corn stover
at different frequencies. Additionally, the effect of moisture content in the dielectric constant and
loss factor of these materials was investigated while these products were static or in movement.
This study can help understand the electric permittivity of grasses in different frequencies and,
also, lead to applications where a fast determination of moisture content is necessary when the
material is in motion.
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3.2 Materials and Methods
Switchgrass and corn stover, under different moisture content levels, were studied inside a sample
holder where an electric field was applied with different frequencies. This field was generated by
using the instrument impedance analyzer that also took the measurements of the real and imaginary
parts of admittance: conductance and susceptance, respectively. Based on these reading, the
dielectric constant and loss factor of the materials were calculated for them static and in movement
inside the sample holder. Details about this process, tools, and materials involved in this process
are presented next.
3.2.1 Switchgrass and Corn Stover Handling
Samples of switchgrass and corn stover were collected at the Iowa State University BioCentury
Research Farm. Both materials were cultivated, harvested, baled, and stored at their facilities.
The switchgrass available was cut and sieved at the facility to a 6.35 mm (1/4 inch sieve) in size.
However, the corn stover bales were chopped and sieved to 3.175 mm (1/8 inch sieve). These
materials were stored in cardboard bins before their use. For this study, four plastic boxes, with
nominal volume of 26 liters (59.7 cm L, 42.9 cm W, and 14.0 cm H), were used to collect and
store each material, where the initial moisture content was 10.48% (wet basis, w.b., standard
deviation equals to 0.22%) for switchgrass and 10.12% (w.b, 0.14%) for corn stover. Subsamples
were divided from these boxes, where approximately 200 grams of material was stored in locked
plastic bags (26.8cm x 27.3cm). All samples were stored in a cold room with the temperature set at
4.0 ◦C. The samples were removed from this room at least 30 minutes before the readings or more
depending on how long it took to reach the ambient temperature. To study the effect of moisture
content (m.c.), distilled water was added to these plastic bags to reach higher m.c., similar to what
was done by Lawrence and Nelson (1993). Each product was divided into fifteen sub-samples: five
repetitions for three different levels of moisture content. Beyond the initial moisture content, the
amount of water added for one level was 30 grams, and the other level was 60 grams. The water was
applied by steps of 15 grams. Between these steps, the plastic bag with the material and water was
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shaken to homogenize the mixture properly. This procedure followed until all the necessary water
was added. Before any further test, the samples were stored in a cold room for at least 48 hours
for the material to absorb the added water. The three moisture levels achieved can be observed in
Table 3.1.
Table 3.1: Three moisture levels used for Switchgrass and Corn Stover
Switchgrass Corn Stover
Label Average Std. Dev. Average Std. Dev.
M0 9.28% 0.17% 10.12% 0.14%
M1 20.02% 0.43% 20.82% 0.46%
M2 30.49% 0.39% 29.77% 0.91%
3.2.2 Moisture Content Determination
The standard ASABE (2012) method for determining the moisture content of forages requires
the complete drying of a sample of 25 grams for 24 hours in a conventional oven at 1030C; where
the difference in the weight before and after it is dried determines the amount of water in the
sample, assuming there are no volatile compounds in these materials’ composition. This could be
inconvenient for an abundant amount of samples since it is laborious and time-consuming. For this
study, a moisture meter (PCE Instruments, model MA 100, Alicante, Spain) was used to determine
the moisture content of the samples rapidly. This equipment only required three grams of the
material, and the reading would take, on average, six minutes. However, the moisture meter is not
recognized as a standard method; thus, calibration was done using this equipment to approximate
its results to the ASABE standard method. For that, using another independent set from the
previous section, twelve samples of the material had their moisture measure three times using both
the moisture meter and the ASABE method. The result of these three measurements was averaged
and used to calculate a linear regression model between the two methods for both materials. For
the remainder of this research, the moisture content of switchgrass and corn stover were measured
using the moisture meter, but the values were corrected using the linear model developed with
this calibration. All the moisture contents reported in this study are in terms of the adjusted
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model. The results for the calibration method and the linear regression model are shown in the
Appendix A.
3.2.3 Sample Holder
A sample holder was designed to accommodate the material during the electrical readings. The
objective of this sample holder was also to make the material move during the measurements. To
do so, a motor was attached to a shaft and pads to rotate the material inside the cell that would
make contact with the electrodes perpendicular to the pads, as shown in Figure 3.1.
Figure 3.1: The complete assembly of the sample holder (a) and it empty indicating the motor
shaft, pads, and electrodes (b)
The sample holder was divided into three parts: the material container, motor attachments,
and sample holder stand. The container served to hold the material and to fix the electrodes and
shields used to apply the electrical signal. The motor attachments connected the motor to the shaft
and the material container. Lastly, the sample holder stand was used as a base for the material
container and the motor attachments.
42
The stepper motor was controlled using a Raspberry Pi (model 3B, Raspberry Pi Foundation,
Cambridge, United Kingdom) and an H-Bridge circuit. The connections can be observed in Figure
3.2. The Raspberry Pi was controlled using the software Simulink inside MATLAB (model R2018a,
MathWorks Inc., Natick, Massachusetts, U.S.A.). The developed Simulink model allowed to use the
motor in forward and reverse, as well as monitor the position of the same. The period of the stepper
motor was set to be 0.017 seconds, and its angular velocity was measured with a tachometer, for
all tests, to ensure it was constant.
+-12 V
Figure 3.2: Wiring diagram of the motor controller using the Raspberry Pi and the H-Bridge circuit
The sample holder shown in Figure 3.1(b) is open; thus, it is depicting only one electrode. How-
ever, when the material container was closed, the other electrode made contact with the material
inside, since it was part of this closure part of the container. The particularities of the sample
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holder, such as dimensions and specific components, are located at Appendix B. It is important to
mention that the distance between the electrodes was 6.35 cm and their area was 72.21 cm2.
3.2.4 Electrical Measurements and Impedance Analyzer
Admittance (Y) was measured with an impedance analyzer (model LF 4192, Hewlett Packard
Enterprise, Palo Alto, California, U.S.A.) connected to the sample holder using BNC cables and
connectors. This impedance analyzer has a measuring range of 10 µSiemens (S) to 10 Siemens (S),
with a maximum resolution of ± 0.001 µS. As previously explained, the electrical admittance is
the reciprocal of impedance. It is a complex variable composed of the real part conductance, G,
and the imaginary part susceptance, B. When used in the parallel mode, this impedance analyzer
measures these two parts of Y of a device under test (DUT). For clarification, even though it was
measured G and B, the admittance Y is going to be used when describing the overall measurements
of the impedance analyzer. Additionally, the impedance (Z) was calculated for some tests, but these
results were terms of its real part, resistance (R), and imaginary part, capacitive reactance (XC).
To obtain the admittance of the material, three measurements were made using the impedance
analyzer based on the circuits shown in Figure 3.3: a material test, open, and a short circuit tests,
as illustrated in Figure 3.3(a) to (c), respectively. The objectives of these tests were to measure
the admittance of the material apart from the sample holder and to compensate and minimize the
influence of any residual impedance, such as cables, connectors, or any electrical disturbance from
the impedance analyzer, usually known as parasitic or stray impedance. The instructions followed
for this test were according to the Keysight Technologies (2016).
First, the short compensation test was made with the sample holder empty, but with a metal coil
connecting the two electrodes, in such way that the signal would flow through this coil from the first
to the second electrode. By doing this, the admittance related to the sample holder empty (YO) was
bypassed, and only the parasitic impedance was measured (ZS). The next measurement was the
open circuit test (Figure 3.3(b)), where it measured only the admittance of the sample holder empty
since it was assumed that the parasitic capacitance was negligible compared to it (1/Y o >> Zs).
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Figure 3.3: Three compensation measurements taken with the Impedance Analyzer: (a) Material
Test, (b) Open Circuit, and (c) Short Circuit
Finally, for the material test (YXM ), the impedance analyzer measured the admittance of the device
under test (YDUT ), sample holder, cables, and connectors, and any parasitic impedance involved
(ZS).
The admittance of the DUT was calculated by applying Kirchhoff’s Circuit Laws in the circuit
showed in Figure 3.3. This DUT admittance was connected in series with the parasitic impedance.
Thus, the voltage across the parasitic impedance (VS) summed to the voltage across YDUT (VDUT )
was the total voltage applied to this circuit (VXM ), as seen in Figure 3.3. Additionally, the current
that flowed through YXM , ZS , and YDUT was considered to be the same. Therefore, the measured
admittance can be simplified to the relationship demonstrated in Equation 3.4. From this equation,
the DUT admittance could be derived based on the measurements of the compensation tests,
resulting in Equation 3.6.
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VXM = VS + VDUT (3.2)
I
YXM
= I × ZS + I
YDUT
→ 1
YXM
= ZS +
1
YDUT
(3.3)
1
YDUT
=
1
YXM
− ZS (3.4)
1
YDUT
=
1− ZS × YXM
YXM
(3.5)
YDUT =
YXM
1− ZS × YXM (3.6)
Where YDUT is the admittance (Siemens) of the device under test (DUT), YXM is the admit-
tance of material test, and ZS is the parasitic impedance (Ohms). Analyzing the denominator at
the right-hand side of this compensated equation (1− ZS × YXM ), it is observed that it calculates
the influence of parasitic impedance in the DUT measurement. If the product of ZS and YXM is
minimal, then the DUT‘s admittance is close to the measurement of the material test. At the same
time, if this product is large, the DUT‘s admittance decreases. This Compensation Factor could
determine points in the design where the parasitic impedance directly impacts the sample holder
readings. Thus, this relationship was analyzed and calculated after the measurements to verify the
influence of the parasitic impedance in the results.
To obtain the dielectric properties of switchgrass and corn stover, the DUT was considered as
a non-ideal capacitive element, similar to what was done by Lawrence and Nelson (1993). This
assumption was made since these agricultural products are not perfect dielectric materials or insu-
lators. Thus, it was expected that the material would behave as a resistor and a capacitor elements
inside an electrical field. Analogously, it was expected that these materials would also have a
conductance (GMAT ) and susceptance (BMAT ) related to them. However, when measuring and
calculating the conductance and susceptance of the DUT using the impedance analyzer, as demon-
strated by 3.8, it was also being measured these same electrical variables for the sample holder itself
and the dielectric material inside of it. If this material is air, the total admittance measured (YO)
is the sum of the sample holder (YSH), fringe (YF ), and air (YA) admittances, as seen in Equation
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3.9. Similarly, if the material is another dielectric, the measured admittance measured is the sum of
the sample holder, fringe, and the material (YMAT ) admittances. Subtracting these two equations,
the admittance of the material can be calculated, as observed in Equation 3.9.
YDUT = YMAT + YSH + YF (3.7)
YO = YA + YSH + YF (3.8)
YDUT − YO = YMAT − YA (3.9)
Based on the real and imaginary parts of Equation 3.9, and that ε′′ = G/ωCO and ε′ = B/ωCO,
the dielectric constant and loss factor of the material could be be calculated,
GDUT −GO = GMAT −GA (3.10)
GDUT −GO = ε′′MAT × ωCO − ε′′A × ωCO (3.11)
ε′′MAT × ωCO = GDUT −GO (3.12)
ε′′MAT =
GDUT −GO
ωCO
(3.13)
In Equation 3.11, GMAT is the conductance related to the material, and in Equation 3.12, ε
′′
MAT
is the relative dielectric loss factor of the studied material, the conductance of the DUT (GDUT ) is
the real part of Equation 3.9, and GO is the conductance of the open circuit test. Previously, it was
defined that G is equal to ωCOε
′′. This relationship was used in Equation 3.11 for GMAT , and the
result is Equation 3.12. Also, the dielectric loss factor of air (ε′′A) is zero, since air is considered a
lossless material, i.e., it has no electrical conductivity. Consequently, the air conductance was also
zero. Solving this equation for the the material loss factor (ε′′), Equation 3.13 is obtained.
Similar to the loss factor, the relative dielectric constant was derived from the susceptance,
which is the imaginary part of the materials admittance, as observed in Equation 3.15.
47
BDUT −BO = BMAT −BA (3.14)
BDUT −BO = ε′MAT × ωCO − ε′A × ωCO (3.15)
ε′MAT × ωCO = BDUT −BO + ε′A × ωCO (3.16)
ε′MAT =
BDUT −BO
ωCO
+ 1 (3.17)
Where, ε′MAT is the relative dielectric constant of the material, BDUT is the compensated
susceptance of the DUT, and BO is the susceptance from the open circuit test results. For Equation
3.16, the relative dielectric constant of the air (ε′A) was equal to one. Indeed, the lowest value for
the relative dielectric constant is one, and, from Equation 3.17, it can be observed that this value
will always be higher than one, since the susceptance of the DUT will increase, compared to the
open circuit test, when filling the sample holder with any material in replace of air or vacuum.
The impedance analyzer was used in the sweep mode, where the equipment applied an electrical
signal in different frequencies, starting with 5 Hz until 13 MHz. The step frequency was equal to
smaller decade resolution inside a range. For example, from 5 to 10 Hz, the step frequency was
1 Hz. Meanwhile, the step frequency was 1 MHz from 1 MHz until the final frequency applied
of 13 MHz. The start and stop frequencies and the step used in each range can be seen in Table
3.2. In total, 63 different frequencies were applied in each measurement. This sweep frequency
measurements were done connecting the impedance analyzer to a computer, where a Visual Basics
program was used to automatically start the test and save the conductance and susceptance tests
in a spreadsheet. For each repetition of an experiment, five sweeps were done, where the average
of these five sweeps was considered as the values for conductance and susceptance of the particular
repetition sample.
3.2.5 Design of Experiments and Data Analysis
The goal of these experiments was to investigate the dielectric properties of switchgrass and
corn stover at different moisture contents and electric field frequencies. Three moisture content
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Table 3.2: Start and Stop frequencies for the sweep measurement with respective step frequency
Start Frequency (Hz) Stop Frequency (Hz) Step Frequency (Hz) # of frequencies
5 10 1 6
10 100 10 9
100 1k 100 9
1k 10k 1k 9
10k 100k 10k 9
100k 1M 100k 9
1M 13M 1M 12
levels and sixty-three frequencies were used as the input parameters to determine the dielectric
constant and loss factor.
For this experiment, the bulk density of the materials were kept constant at 0.133 g/cm3
(standard deviation equals to 0.0005 g/cm3). For that, approximately 54.5 grams of the sample
material was deposited inside of the each three slots that has volume equals to 410.0 cm3.
Additionally, the effect of the material being static or in movement during the measurements
was investigated. Three types of tests were made: material, open, and short circuit, where only the
first one used the studied agricultural products. For this test, five repetitions were made for each
moisture content level analyzed. Each of these repetitions was measured five times (five sweeps)
with the material stationary and, after, with the material in movement. Before each material test,
a short and an open circuit tests, also with five sweeps, were made to be used for each repetition
only. However, the short circuit tests weer done only with the pads inside the sample holder
motionless. Nevertheless, the compensations tests were done with the material in movement using
the static short circuit test. The angular velocity was measured using a tachometer to ensure that
this velocity was constant for all measurements. The data was collected randomly between the
samples; however, to minimize contamination, all samples with the same moisture content from the
one selected were measured on the same occasion.
After all measurements were made, the data were analyzed using MATLAB (model R2018a,
MathWorks, Natick, MA). The dielectric constant and loss factor were calculated based on the
previous equations. Statistics were calculated, such as average, standard deviation, and coefficient
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of variation. Additionally, a regressive model was developed to determine the relationship between
the dielectric properties and frequency and moisture content. This regressive model was tested
using validation and training data, where the software JMP (model Pro 14, SAS Institute, Cary,
NC) was utilized for this purpose. The goal of this model was also to mathematically analyze
the overall behavior of the dielectric properties with different values of the independent variables
involved and better understand the permittivity of biological materials.
3.3 Results and Discussion
The data was collected in spreadsheets and imported into MATLAB for analysis. First, the
dielectric permittivity (dielectric constant and loss factor) was calculated from the raw data (sus-
ceptance and conductance) for both the material static and in movement. Further, this data was
used in a regression model to find the mathematical relationship between the frequency applied,
moisture content, and the permittivity of the materials.
3.3.1 The Dielectric Properties of Switchgrass and Corn Stover
An example of the raw data from the material test obtained from the impedance analyzer and
the compensated susceptance and conductance can be observed in Figure 3.4, where it shows the
average result of the five sweeps for corn stover at 29.77% of moisture content (m.c.). It can be
observed, for this example, that both the conductance and susceptance of the DUT increased with
frequency. This trend was observed for all moisture content levels and samples, the only differences
were the magnitude and the frequency influence on each of these variables. Additionally, it can
be observed that G and B were very close for both the material test and compensated data in the
entire frequency range. The difference between these variables increased at the higher frequencies
(starting at 2 MHz) as shown in, the smaller box plot of Figure 3.4. Even though this difference
was minimal, it could be attributed to the influence of the parasitic impedance over the system.
From Figure 3.5, it is observed that the parasitic impedance real part was practically constant,
but started increasing exponentially towards the end of the frequency range. Meanwhile, the
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imaginary part was smaller than the real one for the entire frequency range, but it increased
exponentially and was higher than the real part after approximately 600 kHz. This shows that, for
the higher frequencies of this range, the parasitic impedance changes and it should be verified.
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Figure 3.4: Raw data from the Impedance Analyzer: Conductance (G) and Susceptance (B) versus
the frequency of the electrical field applied
The compensation factor, as defined in Equation 3.18, was used to assess and correct the DUT
admittance for all materials and repetitions. This factor was calculated for both materials and
all three moisture content levels, in movement and static. Since admittance and impedance are
complex numbers, the compaction factor is also composed of real and imaginary parts. Thus, the
results are shown in the polar form, in terms of magnitude and phase angle. The average of these
results are presented in Figures 3.6 for corn stover and Figure 3.7 for switchgrass, where the first
row corresponds to the results of the materials static and the second row is for the material in
movement.
CF = 1− ZS × YXM (3.18)
From these figures, it is observed that both the magnitude and phase angle are constant, with
magnitude equals to one and phase equals to 45◦, for all frequencies. However, these two parameters
decreased after 2 MHz, which coincides with the point where the differences between the material
test and the test compensated data were more visible. The magnitude of the compensation factor
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Figure 3.5: Raw data from the Impedance Analyzer for the short circuit test for the studied
frequency range: the real part is the Resistance, and the imaginary part is the Reactance
was slightly higher for the driest samples for both materials. The only exception was for corn
stover at 12 MHz for both measurements of material static and in movement. The values for phase
were less consistent compared to the magnitude in the last frequencies used, especially for the
12-MHz measurements. This could mean a turning point where the impedance analyzer changes
its resolution that depends on the range of admittance readings and frequency applied, which
impacts the results of the compensation factor and, consequently, the DUT admittance. Since
both magnitude and phase are decreasing, it can be assumed that the imaginary part of the CF is
declining and the real part is becoming more predominant than the imaginary part. Indeed, when
analyzing the raw data of the parasitic impedance, both real and imaginary parts are increasing.
Since the second term of the CF is negative (ZS×YXM ), it decreases both imaginary and real parts
of the CF. Consequently, it will reduce both the magnitude and phase angle.
This analysis is critical to show that the effects of the parasitic impedance should be addressed
to correct the measurements of the material tests. It was observed that this impedance and the
difference between the compensated and uncompensated tests were relatively low. However, this
could mask the reading when the impedance reaches higher levels, which could lead to wrong
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measurements of the impedance analyzer and possible mistakes with the post-processing data. For
example, it can lead to errors in the calculation of the dielectric properties of these agricultural
materials.
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Figure 3.6: Magnitude and Phase of the compensation factor for Corn Stover at different frequencies
with the material flowing and static
Based on the admittance readings, the dielectric permittivity of switchgrass and corn stover
could be calculated for the frequency range of 5 Hz to 13 MHz and the three moisture content
levels previously presented in Table 3.1. For this study, the density of the materials was kept
constant at 0.133 g/cm3 for all tests. Additionally, for the experiments in which the material was
in movement, the time between the stepper motor pulses was set to 17 ms. When the sample holder
was empty, the average velocity was 1.84 radians per second (standard deviation of 0.05 rad/s);
however, as expected, the angular velocity was slightly reduced to 1.60 rad/s on average (standard
deviation equals to 0.20 rad/s) when the material was inserted. Nonetheless, the velocities were
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Figure 3.7: Magnitude and Phase of the compensation factor for Switchgrass at different frequencies
with the material flowing and static
adequate for this study; thus, if the speed affects the dielectric properties, this value was virtually
constant for all measurements.
After the data was gathered for the all the compensation tests, the dielectric constant and loss
factor was calculated for all scenarios. The average of the results for each material and the two
motion situations can be observed in Figures 3.8 through 3.14. In general, both dielectric constant
and loss factor exponentially decreased with frequency but increased with the moisture content.
Regarding the flow, the dielectric loss factor was the most influenced by the material in movement,
especially for the higher moisture content levels. The coefficient of variation (CV) is the ratio
between the standard deviation and mean of the data. This factor was calculated for all cases, and
it is also observed in the following figures. In general, the CV was very high for the initial and
final frequencies. However, there was a frequency range between 100 kHz to 1 MHz that showed
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the smaller variations for both dielectric constant and loss factor. This could be an indication that
the most consistent measurements for this equipment are in this band.
For corn stover, the values for the dielectric permittivity are illustrated in Figures 3.8, 3.9, and
3.10 for the material in movement (red) and static (blue). In general, the driest sample of this
material, labeled M0, had the relative dielectric constant ranging from 117 to 1.419 from the lowest
to the highest frequencies, respectively. These values overlap to each other when comparing the
material in motion and static for frequencies higher than 400 Hz. Regarding the dielectric loss
factor, the values varied from 84.41, for the lowest frequency and static material, to approximately
0.15 at 500 kHz for both in movement and static, but it had a surge for the final frequencies.
Similar to the dielectric constant, the difference in value between the two motion scenarios for the
loss factor was minimal at this moisture level besides those observed in the lower frequencies. As
previously stated, the coefficient of variation was very high for the erratic data from 5 until 100 Hz,
reaching a maximum of 98.37% of the dielectric constant variation for 7 Hz and 89.01% for the loss
factor. Meanwhile, for the rest of the frequency range, the variation was never more than 21.86%
for the dielectric constant, except for a point with CV equals to 45.66% at 12 MHz. However, the
band with the smallest variation of loss factor was between 400 Hz to 2 MHz, where the highest
difference was at 500 kHz, and it was equal to 10.91%. Hence, the most regular results for the
dielectric permittivity of corn stover at this moisture content level seems to be between 100 Hz
and 2 MHz. This frequency band is important can determine the optimal frequencies that the
impedance analyzer works for the right determination of the dielectric properties, especially for the
design of a prediction model of these electric features.
For the second sample, M1, the dielectric constant ranged from 77.94 for the lowest frequency
to 2.148 to the highest one. For the loss factor, the highest value was 1410, and the lowest one
was 1.062 for the lowest and highest frequencies, respectively. Regarding the lowest CVs, the best
frequency band for the dielectric constant was around 1 kHz to 9 MHz, while the best range for
the loss factor was approximately between 20 kHz and 11 MHz. There was still a very small
difference between the material stationary and in motion for dielectric constant at this moisture
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level; however, for loss factor, the data did not overlap as much compared to the results of the
previous moisture content sample and the difference was much more visible in Figure 3.9.
The dielectric constant of the third sample (M2) decreased from 1378 at the lowest frequency
to 3.986 at the last one. Similarly, the loss factor decreased from 2.345 x 105 and 3.615 x 104 for
the material in movement and static, respectively, to approximately 5 for the highest frequency
and both motion cases. As observed in Figure 3.10, the difference between the material in motion
and static was more apparent until 200 kHz for the loss factor, and until 4 kHz for the dielectric
constant; however, the CV between these two sets of data was static high from the beginning of the
frequency range until the ones they overlap. The approximate frequency band with less variation
was from 6 kHz to 8 MHz for the dielectric constant, and from 200 kHz to 5 MHz for the loss factor,
which, again, could indicate an optimal range in which the impedance analyzer can work for this
material and at this moisture level.
When comparing the three moisture samples, it is clear to see that the water content had a pos-
itive effect on both dielectric constant and loss factor. The average values of dielectric constant and
loss factor for corn stover for the three moisture content levels are illustrated in Figure 3.11, where
three intermediary frequencies from the entire range were selected to demonstrate the relationship
between the content of water and permittivity. It can be observed that this positive relationship
was not linear: the frequency applied also influenced the impact of water in the permittivity of
the material. For smaller frequencies, the increase between moisture levels was higher compared to
the high frequencies. In other words, the difference between frequencies increased as the moisture
also raised. This could indicate what the best frequencies for determining the moisture content
are. In a first consideration, the 50 kHz could be a better frequency to study the moisture content
of corn stover compared to the other two since it had a broader change among moisture contents,
especially for the dielectric constant.
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Figure 3.11: The average dielectric constant (left) and loss factor (right) of Corn Stover for three
different moisture levels and three different frequencies with material static (cross) and in movement
(circle)
The results of the permittivity for Switchgrass are presented in the Figures 3.12, 3.13, and 3.14
for each analyzed moisture level. Similar to corn stover, the dielectric properties decrease with
frequency, except for some small frequency ranges in some cases. The coefficient of variation was
also irregular for this material, as well as some measurements in some frequency bands. Thus
a careful analysis should be made for each moisture level and frequency range for this material
because of these inconsistencies.
The average results for the driest sample of switchgrass, named M0, is represented in Figure
3.12. When the material was static, the dielectric constant ranged from 24.1 at 5 Hz to 2.42 at
13 MHz. However, the maximum value for this property was at this moisture level was 59.05 at 7
Hz, and the minimum was 1.494 at 5 MHz. For the material in movement, the dielectric constant
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was 199.5 at the lowest frequency and 2.984 for the highest one. The maximum and minimum
values were 240.5 at 6 Hz and 1.907 at 11 MHz, respectively. For the loss factor, there was also
distinctness between the motion and no motion results. At 5 Hz, the value for static was 120.9,
while for in movement was 452.8. For the highest frequency, the loss factor for the material in
motion was 14.85, and for the other case was 5.642. The maximum value achieved was the one
at 5 Hz for the flowing material; however, for the material static, the highest value was 173 at 6
Hz. The minimum values were 0.0459 at 6 MHz and 0.7603 at 200 kHz for the material static and
in movement, respectively. Thus, there were meaningful differences between these two data sets
for both real and imaginary parts of the permittivity. Regarding the coefficient of variation, it is
observed that the low frequencies (≤ 80 Hz) had high variations for the dielectric constant and
both motionless and in movement material, except for a CV of 50.06% at 100 Hz for the material
in movement. The frequency ranges with less variation (below 20%), for the dielectric constant,
were between 70 Hz to 3 MHz for the static test, and between 90 Hz and 12 MHz for the movement
test. The CV of the dielectric loss factor was also high for the frequencies below 100 Hz and above
4 MHz for the static material. For the material in movement, the variation was more consistent,
where only the frequencies below 10 Hz had variation higher than 20%. Thus, similar to what
was said for the corn stover, there is evidence that there are optimal frequencies bands for the
measurements of the dielectric properties using the impedance analyzer.
The differences in the permittivity between motions were also observed for the M1 sample, as
seen in Figure 3.13. For both the dielectric constant and loss factor, the distinctness can be better
recognized for the initial frequencies and towards the end of the range. The highest values for
dielectric constant were 1138 and 1016 for static and in movement, respectively, at 5 Hz. The
lowest results were 1.735 at 11 MHz for the static material and 1.953 at 9 MHz for in motion.
Regarding the loss factor, the highest values were also at 5 Hz with 1.471×104 and 5682 for the
material static and in movement, respectively. The lowest values were, respectively, at 0.729 at
10 MHz and 5.252 at 2 MHz for static and in motion. The frequency range between 2 kHz and
10 MHz had the smaller variation for the material static, while, for the matter in movement, the
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extent was between 900 Hz and 8 MHz. However, for the loss factor, the range was much narrower:
for the material motionless, the range with a CV less than 20% was from 50 kHz to 8 MHz, while
for the switchgrass in movement was between 200 kHz and 13 MHz.
The wettest sample results, M2, are illustrated in Figure 3.14. For this scenario, the difference
between the material in movement and static was more evident. The values for dielectric con-
stant for the start frequency is 2.563×104 for switchgrass in motion and 1437 for the static test;
meanwhile, when the material was in movement, the loss factor value was 7639, and 6.038×104 for
this material static. At 13 MHz, the dielectric constant was 5.629 for in movement and 4.541 for
the matter static; the loss factor was 19.49 for the sample in motion and 1.748 when stationary.
Regarding the frequency ranges with less dielectric constant variation, between 6 kHz and 9 MHz
was the prime band for material in movement, and between 20 kHz and 9 MHz for the motionless
tests. For the loss factor, the ranges with less variation were between 30 kHz and 13 MHz for
the test in movement. For the experiment static, the CV was less than 20% for almost the entire
frequency range; the only exception was at 12 MHz where the CV was equal to 44.77%.
As observed, these ranges with less variation differed from each moisture level and motion test.
However, the middle frequency range showed less variation compared to the extremes. Again, this
could be an indication that these intermediary frequencies are the optimal ones for the impedance
analyzer measurements and prediction of the dielectric properties.
Both dielectric properties increased with the moisture content, as observed in Figure 3.15 where
three intermediary frequencies were selected to illustrate this. In general, the lowest frequency (50
kHz) had a higher increase through the moisture levels compared to the other two (500 kHz and
5 MHz). For the loss factor, it can be observed some inconsistency, but, in general, the loss factor
static increased with moisture but decreased with frequency.
In general, the values of the corn stover and switchgrass dielectric properties are similar to the
value of other agricultural products with the same moisture content and applied frequency, even
though they have different compositions (Nelson, 1965; Stetson and Nelson, 1972; Nelson, 1982).
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These two studied materials also had comparable results; however, it should be noticed that
their sizes were different from each other, which could have an impact on the results, especially
on the tests where the material was in movement. While the material was in motion inside the
sensor, this particulates changed their position inside the sample holder, which could have affected
the density of the same and, consequently, creating spots where the density was not uniform.
Additionally, since the corn stover was smaller than switchgrass, there was less space for air and
more for the material. Thus, the results for corn stover could have less influence of the air inside
the sample holder. Nevertheless, the density and size of the material have a significant impact on
their dielectric properties besides the water content. Hence, the study of these two properties on
the permittivity of the material can improve and help understand their influence on the material
inside an electric field, and further being used for the development of sensors capable of measuring
these two variables as well.
To further understand the dielectric properties of switchgrass and corn stover, stepwise regres-
sion models were created to predict the values of dielectric constant and loss factor at different
moisture content and frequencies. As previously noted, there were frequency ranges where the
coefficient of variation was more regular. These were used in the model, instead of the entire fre-
quency range since they seemed to be more reliable than the extreme frequencies. Additionally,
these models could facilitate the understanding of the relationship between frequency and moisture
in the dielectric properties of switchgrass and corn stover.
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Figure 3.15: The average dielectric constant (left) and loss factor (right) of Switchgrass for three
different moisture levels and three different frequencies with material static (cross) and in movement
(circle)
3.3.2 Prediction Model
For the prediction model, a frequency interval between 10 kHz and 5 MHz was initially used
to predict the dielectric constant and loss factor of materials for all three moisture content levels.
The software JMP was used to design a surface response based on dielectric property results. The
data set was divided into training (70% of the data) and validation (30%) sets. The method used
for designing the model was the Standard Least Squares, and the equation representing the model
is observed in Equation 3.19.
ψ(f,MC) = α0 + α1 ×MC + α2 × f + α3 × (MC − µMC)2...
+α4[(MC − µMC)× (f − µf )] + α5 × (f − µf )2
(3.19)
Where ψ is the predicted value of the dielectric properties, α′s (0 through 5) are the parameter
estimates of the models, f is the applied frequency (Hz) and µf is the average of all frequencies
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used, and MC is the moisture content (decimals, w.b.) and µMC is the average between all moisture
content samples.
For this model, some manipulation with the data had to be made. The value used for frequency
was their logarithm base 10 (log10). The same was done with the dielectric properties used for the
model. In the end, the estimated values given by the equation would be in terms of their log10
values. However, for clarification, the results were illustrated with the variables in their respective
units. Additionally, µMC was 0.2049 and 0.1993 for corn stover and switchgrass, respectively, while
µf was 5.40 for both materials.
The model parameters are presented in Table 3.3 and 3.4. From these parameters, it can be
observed that the linear component of the moisture content (α1) had a positive effect on both loss
factor and dielectric constant when the material is static and in movement; however, the quadratic
term (α3) had a negative effect. Thus, the permittivity of a material would raise with moisture
content, but the quadratic term would slow down until the end of this frequency range. Regarding
the frequency, the first linear parameters solely related to this independent variable (α2) had a
negative influence in both dielectric properties, with the exception of the loss factor of moving
switchgrass; however, the parameter α5, which corresponds to the squared term of the frequency,
was negative only for this same moving-switchgrass loss factor. The parameter α4 is related to the
mixed term between moisture content and frequency, which also had a negative effect on all models
for both materials.
The models are illustrated in Figure 3.16 through 3.23 with the data points used to design them.
From these figures, the relationship between moisture content, frequency, and dielectric properties
can be better observed. As previously said, the positive effect of moisture content and the negative
from the frequency can be seen for all examples. However, some points outside the planes can
still be observed. The fit of these planes were also calculated and are presented in Tables 3.5 and
3.6. The coefficient of determination (R2) of the training, validation, and testing data for all the
models were higher than 0.9, except for the switchgrass in movement loss factor model, which had
R2 for the training set of 0.7940. Indeed, it can be observed that, for this case, the values were
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more inconsistent than the other dielectric properties. This worse fit compared to the other models
could be explained because of the frequency range chose since they all had different responses to the
frequency. Thus, using a different frequency range for the calculation of this model could improve
its fit and the prediction of the loss factor of switchgrass.
Table 3.3: Parameters estimate for a response surface model (ψ) for predicting the dielectric prop-
erties of Corn Stover. The parameters estimate with a * were not statistically significant
ε′static ε′′static ε′Mov ε′′Mov
α0 1.30 0.469 1.30 1.59
α1 4.46 8.02 4.15 8.51
α2 -0.253 -0.274 -0.238 -0.410
α3 -6.96 -41.0 -5.58 -79.7
α4 -1.62 -0.671 -1.55 -1.90
α5 -0.00528* 0.0639 0.00955* 0.124
Table 3.4: Parameters estimate for a response surface model (ψ) for predicting the dielectric prop-
erties of Switchgrass. The parameters estimate with a * were not statistically significant
ε′static ε′′static ε′Mov ε′′Mov
α0 1.22 1.21 1.38 -0.278
α1 4.82 9.22 4.14 3.81
α2 -0.225 -0.439 -0.223 0.109
α3 -14.4 -21.4 -16.7 -38.4
α4 -0.943 -1.69 -1.12 -1.55
α5 -0.0111* 0.0877 0.0109 0.00456*
Table 3.5: Statistical Analysis of the Dielectric Properties Prediction Models for Corn Stover
Training Validation
R2 RMSE R2 RMSE
ε′static 0.9771 0.06450 0.9856 0.05635
ε′′static 0.9475 0.1738 0.9586 0.1666
ε′Mov 0.9827 0.05213 0.9852 0.05334
ε′′Mov 0.9706 0.1576 0.9760 0.1501
To improve the loss factor prediction for switchgrass in motion, a new frequency range was
chosen for the design of this model. In this case, the range between 100 kHz and 5 MHz was used
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Table 3.6: Statistical Analysis of the Dielectric Properties Prediction Models for Switchgrass
Training Validation
R2 RMSE R2 RMSE
ε′static 0.9821 0.06198 0.9830 0.06228
ε′′static 0.9760 0.1377 0.9892 0.09305
ε′Mov 0.9916 0.03791 0.9914 0.03876
ε′′Mov 0.8013 0.20556 0.8217 0.1916
in the model with the same division between training and validation sets (70% and 30%). The new
surface Equation can be seen in Equation 3.20. It can be observed that, similar to other models, the
linear moisture term parameter was positive while the quadratic term parameter was negative. For
the frequencies parameters, the linear component had a negative parameter, similar to the models of
the other dielectric properties but different from the old loss factor equation. The squared term was
negative for this new model, like the old model but still different from the other dielectric constant
and loss factor equations; however, this parameter was not statistically significant to the model
(Probability> |t| = 0.7257). Similarly, the parameter related to moisture content and frequency
was not significant since the probability> |t| was equal to 0.4432 in a 95% confidence level. Indeed,
the training R2 was 0.9812 (root mean square, RMSE, equals to 0.1115), and the validation R2
was 0.9881 (RMSE = 0.0769). However, it can be seen from the model representation in Figure
3.24 that there is a peak for the predicted loss factor between 20 and 30% of moisture content that
is not represented by the raw data. Thus, this model could either wrongly predict the loss factor
of switchgrass between these two moisture contents, or more studies of moisture content between
these two are necessary to analyze the dielectric properties on that band.
log10(ε
′′
Mov) = 0.620 + 7.69×MC − 0.210× log10(Freq.)− 71.2× (MC − 0.1993)2...
+0.0818× (MC − 0.1993)× (log10(Freq.)− 5.903)− 0.0293× (log10(Freq.)− 5.903)2
(3.20)
In general, the root mean square errors were regular between the models, which indicate consis-
tency in the residuals and, consequently, a homogeneity between the training and validation sets.
The exceptions were the RMSEs for the dielectric loss factor of both static and in movement of
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corn stover, and loss factor of static switchgrass. One assumption is that the data between the
training and validation sets were not well distributed and did not translate well the entire set of
data. Alternatively, it could mean that there is still a high variation of the data for this frequency
range that was not homogeneous for those two sets. There is space for more tests including more
moisture contents outside this range and between the levels already studied. This would further
expand the knowledge of dielectric properties and help enhance the prediction model for these
variables.
A two-way Analysis of Variance (ANOVA) was used to the mean of the dielectric properties
depending on the motion mode of the material (movement or static) and the three moisture content
levels, besides if there was any interaction between these two independent variables. The test was
done for both materials with 5% of significance and with the same data from the frequency range
used for the predictive models (10 kHz to 5 MHz). The null (H0) and alternative (HA) hypotheses
for the two groups and their interaction were considered as follows
Moisture Content and Motion Mode:
• H0: The means of all items in a group are equal
• HA: The mean of at least one item in the group is different
Interaction between Moisture Content and Motion Mode:
• H0: There is no interaction between Moisture Content and Motion
• HA: There is interaction between Moisture Content and Motion
The results are shown in Tables 3.7 through 3.10. In general, the materials showed similar overall
results. For the dielectric constant, the moisture content had a statistically significant difference
between the moisture content levels, but the same cannot be said about the differences between
the material static and in movement. Additionally, the null hypothesis was failed to be rejected for
the the interaction term; thus, there are no evidences suggesting an interaction between moisture
content and the motion modes in the mean dielectric constant for both switchgrass and corn stover.
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Regarding the loss factor, the null hypothesis was rejected for all three cases. There are statistically
significant differences in the three moisture content groups and the two studied motions. Also, it
is suggested that there is interaction between the moisture levels and if the material is static or in
movement.
This difference could be attributed to the high influence of the frequency range utilized that led
to variances in the result. Also, it could be an indication that the resistance of the material is dif-
ferent when it is in movement since the loss factor is related to this electrical feature. Nevertheless,
individual models for each motion scenario is still necessary to predict the dielectric properties of
these materials.
Table 3.7: Two-way ANOVA results comparing the Dielectric Constant of Corn Stover at three
moisture level and two motion modes
Source DF Sum of Squares F Ratio Prop. > F
M.C. 1 39944.396 588.0254 <0.0001*
Motion Mode 1 25.013 0.3682 0.5442
M.C. × Mode 1 55.039 0.8102 0.3684
Table 3.8: Two-way ANOVA results comparing the Loss Factor of Corn Stover at three moisture
level and two motion modes
Source DF Sum of Squares F Ratio Prop. > F
M.C. 1 64983.936 87.5459 < 0.0001∗
Motion Mode 1 30443.907 41.0138 < 0.0001∗
M.C. × Mode 1 7222.426 9.7300 0.0019∗
Table 3.9: Two-way ANOVA results comparing the Dielectric Constant of Switchgrass at three
moisture level and two motion modes
Source DF Sum of Squares F Ratio Prop. > F
M.C. 1 45685.439 821.0920 < 0.0001∗
Motion Mode 1 2.426 0.0436 0.8347
M.C. × Mode 1 140.063 2.5173 0.1131
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Table 3.10: Two-way ANOVA results comparing the Loss Factor of Switchgrass at three moisture
level and two motion modes
Source DF Sum of Squares F Ratio Prop. > F
M.C. 1 142660.79 105.9779 < 0.0001∗
Motion Mode 1 32815.94 24.3779 < 0.0001∗
M.C. × Mode 1 74184.89 55.1095 < 0.0001∗
3.4 Conclusions
The dielectric properties of switchgrass and corn stover were measured for a frequency range of 5
Hz to 13 MHz. The permittivity, composed of the dielectric constant and loss factor, were estimated
based on the admittance, which is formed by the conductance and susceptance. In general, the
frequency had a direct negative effect on both dielectric constant and loss factor of both materials,
while the moisture content had a positive impact on these dielectric properties.
Prediction Models were developed to measure the dielectric properties based on the frequency
and moisture content of switchgrass and corn stover. In general, the coefficient of determination
for all prediction models was above 0.90. However, there were divergences between the RMSE of
the training and validation sets among the same tests, which could indicate a lack of homogeneity
between these sets. More data could be added to these models inside the studied frequency range
to further improve the prediction of switchgrass and corn stover dielectric constant and loss factor.
More study could be done for more moisture levels beyond the the three already studied.
Additionally, the material bulk density has a significant influence on their dielectric properties
(Nelson, 1982). This parameter could be more investigated to expand the predictions models
further and possibly better understand the effects of motion on the permittivity of switchgrass and
corn stover. This study could help develop and improve sensors that use electrical measurements to
determine the moisture content of agricultural products. The measurement of dielectric properties
can also help understand the effect of the electrical field in a diverse group of agricultural materials,
since most of the focus is for grains and not that much for grasses.
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Figure 3.16: Dielectric constant model surface for Corn Stover static and the raw data used in the
design
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Figure 3.17: Dielectric Constant model surface for Corn Stover in movement and the raw data used
in the design
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Figure 3.18: Dielectric Loss Factor model surface for Corn Stover static and the raw data used in
the design
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Figure 3.19: Dielectric Loss Factor model surface for Corn Stover in movement and the raw data
used in the design
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Figure 3.20: Dielectric Dielectric Constant model surface for Switchgrass static and the raw data
used in the design
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Figure 3.21: Dielectric Constant model surface for Switchgrass in movement and the raw data used
in the design
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Figure 3.22: Dielectric Loss Factor model surface for Switchgrass static and the raw data used in
the design
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Figure 3.23: Dielectric Loss Factor model surface for Switchgrass in movement and the raw data
used in the design
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Figure 3.24: New dielectric loss Factor model surface for Switchgrass in movement with frequency
range between 100 kHz and 5 MHz, where the surface represents the prediction model and the
points represent the loss factor data used in the design
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CHAPTER 4. ELECTRICAL SENSOR DESIGN FOR MOISTURE
CONTENT PREDICTION OF AGRICULTURAL PRODUCTS
4.1 Introduction
The development of sensors has helped agriculture advance and be more productive in several
steps and sectors of this industry. They can be utilized from soil preparation and enhancement to
precision planting, data gathering during harvest, and in post-process operations, such as drying
and storage. For crops, sensors were developed to measure the moisture content of these products
during harvest, for example. Based on the amount of water present in the material, a decision
can be made on the storage of the same. Indeed, moisture content sensors are one of the most
vital since this water feature will determine what should be done to maintain the quality of the
harvested product.
The majority of these sensors are based on electrical measurements. For instance, some equip-
ment that predicts the moisture content of agricultural materials calculates the electrical energy
lost and stored after an electric field is generated through the material. Accordingly, these sensors
are calibrated to measure the product’s relative amount of water using depending on these charac-
teristics of the electrical energy involved. This correlation between the electric field and a product
feature (e.g., the moisture content) is denoted by the dielectric properties of the material, which
have been widely studied for all types of crops (Nelson, 2006).
Several moisture content sensors have been developed following the dielectric properties of agri-
cultural materials. For example, Kraszewski et al. (1977) developed a sensor capable of measuring
the moisture content of wheat independent of the density by measuring the attenuation and phase
shift of a microwave electrical field. Also, Benning et al. (2004) designed a circuit system for forage
moisture content prediction. This circuit applied a superimposed-frequencies electric field to the
material, where the individual frequencies of this field for each wave could be separated from the
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original, and the attenuation and phase shift of these waves could also be measured. For that,
a digital band-pass filter was used to extract these distinctive waves before other features could
be obtained. However, this sensor was only utilized for static measurements; thus, more research
would be needed for flowing material. Still, this is an attractive method for materials in motion,
since it can ensure that the measurements taken will influence different frequencies. Indeed, the
use of more than one frequency to determine the moisture content of biological materials can offer
advantages in correctly predicting this feature (Nelson and Trabelsi, 2016).
Thus, the objective of this work was to develop a sensor system capable of generating superim-
posed frequency electric fields to be used as an electrical signal as a way to predict the moisture
content of agricultural products static and in motion. The specific objectives are:
• Develop a circuitry capable of generating an electrical field with superimposed frequencies,
and be able to read these from these signals;
• Extract the individual signals from these waves using a band-pass filter and measure their
attenuation and phase shift;
• Test the sensor with a material at different moisture contents. Additionally, test it with
flowing and static material.
4.2 Materials and Methods
For the sensor development, it was necessary to generate a signal that would produce the electric
field inside the sensor cell with a material. Also, the sensor system should be able to read the signal
back from the sample holder for further analyses. These signals have high frequencies; thus, it was
also needed to properly condition and route them to the device under test (DUT). An example
of the designed sensory system and the signal flow is illustrated in Figure 4.1. The Digital to
Analog Converter board (DAC) generated this electric signal and sent it to the Signal Conditioning
Board, which was responsible for buffering the signal from the DAC and amplify the same. The
signal conditioning board sent the electrical signal and received it back to the DUT’s electrodes.
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Additionally, this signal conditioning board contained an Auto-Balancing Bridge, which is a circuit
capable of measuring impedance at high frequencies, and it was used as the method to calculate the
same from the DUT. Then, the electrical signal was routed from the DUT to an Analog to Digital
Converter (ADC), where it could be read and further analyzed. The following sections describe
each component of this sensor system and its signal generation and accommodation process.
DUT
Signal
Conditioning
Board 
DAC
ADC
Figure 4.1: Signal flow from the Digital to Analog Converter (DAC) to the Signal Conditioning
Board (SCB), which routs the signal to the Device Under Test (DUT) electrodes for the electric
field generation and then sends it back for the Analog to Digital Converter (ADC)
4.2.1 Signal Converter Boards
Two evaluation boards and a pattern-generation card were used to generate and read the sig-
nal that produced the electric field inside the DUT, as illustrated in Figure 4.2. The digital to
analog converter used was the DAC3484 (Texas Instruments, Dallas, Texas, United States). This
evaluation board has four channels and a resolution of 16 bits. The sampling rate for this board is
1.25 GHz total or 312.5 MHz per channel. The DAC was connected to a computer through a USB
cable, where a software provided by the manufacturer was used to determine the settings of the
device. Additionally, a pattern-generation card was attached to the DAC to construct the electric
signal digitally. This tool was the TSW1406 (Texas Instruments, Dallas, Texas, United States),
which also had a specialized software capable of creating a signal with the desired super-imposed
frequencies.
The other converter reference board used was the Analog to Digital Converter (ADC) ADC
12D1800RB (Texas Instruments, Dallas, Texas, United States). This instrument has two channels
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with a sampling rate of 3.6 GHz total, and resolution of 12 bits. Similar to the other two boards,
a software, provided by the manufacturer, was used to read the signals sent and configure the
board as intended. The operating Voltage range (VIN±) is -0.4 to 2.4 V. Additionally, the ADC
has differential inputs; however, the DAC output is single ended. Thus, two balun boards, which
converts single-ended input to a differential, were attached to the ADC inputs. All the data read
from the ADC was saved in ASCII files for further analysis.
Figure 4.2: The pattern generator board TSW1406, the digital to analog converter (DAC) evalua-
tion board DAC3484, and the Analog to Digital Converter reference board ADC 12D1800RB
Moreover, the sensor system had other functions to ensure that the electric signals, in the form
of voltage, were appropriately inputted and read during the measurements. These functions were
part of the Signal Conditioning Board and are described as follow.
4.2.2 Signal Conditioning Board
The Signal Conditioning Board (SCB) was developed with the goal of assisting the sensor
system in the flow of the signal. Additionally, the SCB contained the Auto-Balancing Bridge (AB)
that helped with impedance measurements. Each section of the SCB is described in the following
sections.
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4.2.2.1 Voltage Follower
The objective of a voltage follower is to buffer an input signal in such a way that the output
will have the same voltage. Thus, this circuit was designed into the SCB, where the input is the
signal received from the DAC. Usually, the Voltage Follower has a unity gain (Input voltage equals
to Output Voltage) and also works as a non-inverting amplifier. A circuit of a voltage follower
was designed using the operational amplifier (OpAmp) OPA690 (Texas Instruments, Dallas, Texas,
United States), as illustrated in the schematics of Figure 4.3 as component U6. As observed from
the figure, the gain of this amplifier is 1.01 (1 + R22/R21). Even though it was not a unity gain,
it ensured the input voltage from the DAC (IO1 from Figure 4.3) to flow in the circuit (IO2).
Figure 4.3: Schematics of the Voltage Follower circuit using the operational amplifier OPA690
4.2.2.2 Capacitive Load Driver
After the voltage follower, another circuit received the signal: the Capacitive Load Driver, as
shown in Figure 4.4. This circuit added another OPA690 OpAmp before the signal would flow to
the DUT’s electrodes to generate the electric field (output IO2 from Figure 4.4). By doing that,
the stability of the signal can be improved since the DUT’s capacitance can cause instability in
high-frequency signals (Texas Instruments, 2016). For the SCB, two of these drivers were used:
one for the electrodes and one for the DUT shield.
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Figure 4.4: Schematics of the Capacitive Load Driver circuit using the operational amplifier OPA690
To design this circuit, the model provided by the manufacturer was followed to decide the
resistors values. The same was developed for the decoupling capacitors connected to the supply
voltages of the OpAmp. The signal received back from the DUT flowed to the Auto-Balancing
Bridge circuit.
4.2.2.3 Auto-Balancing Bridge
The Auto-Balancing Bridge is an impedance measurement method that suits low and high
frequencies. As the name suggests, it balances the electrical current passing through the DUT
while keeping a virtual ground between the DUT and a reference resistor, as shown in Figure 4.5.
VV
RrDUT
V
IrIDUT
 VrVDUT
Figure 4.5: Example of an Auto-Balancing Bridge Circuit
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According to Ohm’s Law, the current that passes through the DUT IDUT equals to the ratio
between the voltage and the impedance of the DUT (VDUT /ZDUT ). Based on the principles of the
Auto-Balancing Bridge, this current will balance with the current passing through the reference
resistor (Rr) since the input of the ideal operational amplifier is high; thus, the impedance of the
DUT can be calculated accordingly.
IDUT = Ir
VDUT
ZDUT
=
Vr
Rr
ZDUT = Rr × VDUT
Vr
(4.1)
Based on this method, a circuit was designed to calculate the impedance of the DUT, as
illustrated in Figure 4.6. In this case, the reference resistor (Rab) is equal to 5 kΩ, IO2 is the input
signal coming from the DUT, and IO1 the Op Amp output.
Figure 4.6: Auto-Balancing Bridge Circuit Schematic, where Rab is the reference resistor
87
4.2.2.4 Buffer Amplifier
The last component of the SCB is a buffer amplifier located after the Auto-Balancing Bridge.
The objective of this buffer was to amplify the signal coming out of the Bridge circuit to ensure
its stability (similar to the Voltage Follower) and to increase the signal by two. As seen in Figure
4.7, this buffer amplifier is a non-inverting OpAmp with a gain that doubles the input signal (1 +
R12/R10). The output of this OpAmp was directed to the ADC of the sensor system where it was
measured for the further calculations.
Figure 4.7: Buffer Amplifier circuit with a gain equals to two using a non-inverting operational
amplifier
The complete assembly of all these sub-components is illustrated in Figure 4.8, where the
elements inside the shaded area are part of the SCB, except for the DUT and its shield. The
connections between the SCB and the two converter boards (DAC and ADC) were made using
SMA connectors and cables. SMA connectors were also used to link the SCB and the DUT;
however, the DUT used BNC connectors. Thus, a BNC to SMA cable was used to connect these
two. The same was applied to plug the output of the DUT to the Auto-Balancing Bridge input,
but the output of the shield was attached to the ground of the voltage supply ground connector.
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Figure 4.8: Flowchart of the electrical signal through the sensor system. The elements inside the
shaded area represent the Signal Conditioning Board (SCB). The connections between the SCB,
DUT, and converter boards were through SMA cables and connectors
Based on these schematics, the SCB board were manufactured to a printed circuit board by
a third party. Surface Mount Components were used for all passive components (capacitors and
resistors) and the necessary operational amplifiers (OPA690). These amplifiers were powered by a
voltage supply connected to the SCB by a through-hole wire to board terminal. Similarly, the SMA
connectors were also the through hole type. The complete assembly of this PCB can be observed
in Figure 4.9. It can be seen that the output of the Capacitive Load Driver that is supposed to
go to the shield is connected to the ground of the SMA connector going to the DUT. Thus, the
ground pin of the cable joining this SMA connector and the DUT was plugged to the shield input.
The purpose of the shield was to minimize the fringe capacitance in the borders of the elec-
trodes. This fringe capacitance can lead to errors in the measurement since the electric field will be
influenced by material that is not between the electrodes. One way to minimize is to apply the same
signal to a shield around the electrode and have another shield around the output of the electrode
connected to the ground. In this way, the electric field can be more homogeneous between the two
electrodes, and the field caused by the fringe is dropped to the ground. An illustration of the effect
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Figure 4.9: The complete manufacturing and assembly of the signal conditioning board PCB,
where A represents the Voltage Follower, B is the two Capacitive Load Drivers, C is the the Buffer
Amplifier, and D is the Auto Balancing Bridge circuit
of the fringe capacitance and the use or not of the shield is shown in Figure 4.10 for the developed
sensor cell. It can be observed that, without the shield, the electric field formed inside the sensor
by the electrodes will be influenced by the material around it. However, when the signal is applied
to the input of the shield, this influence is minimized, and the electric field between the electrodes
is the only one being measured. The use of the shield can help decrease the error associated with
the estimation of the properties of this electrical signal; thus, improve the sensing of this system as
well.
After these boards were attached, this electrical system was also connected to the DUT and
measurements could be made. To test this entire sensor, switchgrass was used at four moisture
levels to verify that the system could be used to sense the amount of water present in this material.
4.2.3 Design of Experiments
Experiments were done to test the sensor system capacity to generate and read superimposed
multi-frequency electric signals through the DUT with the assist of the Signal Conditioning Board.
Additionally, the goal was to verify that if using this particular signal can be used to sense moisture
content in biological materials, such as switchgrass.
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Figure 4.10
Tests were made using four frequencies: 0.1, 1, 10, and 100 MHz. To create this super-imposed
signal, software provided by the manufacturer was used where the user could input the desired
frequencies. The raw signal generated can be observed in 4.11. In this figure, the signal is in the
time domain, but the horizontal values represent the sample number, which will depend on the
sampling rate of this system. According to the manufacturer of the DAC, the best sampling rate
for this purpose and the one used was 984 MHz. Also, instead of voltage, the vertical values are
the binary values of the DAC resolution related to the voltage range of this signal. For example,
the maximum positive voltage will take a value close to 32768, and maximum negative will be
approximately -32768 (two‘s complement binary representation).
Similar to the study of dielectric properties, the three different compensation tests were used
with this sensor system: short, open, and closed circuits. For this case, three sweeps for each
sample were made for each test. The short and open tests were done before the closed circuit,
where four moisture content levels of switchgrass were used as observed in Table 4.1. The moisture
content was measured using the moisture meter and then corrected using the previously developed
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Figure 4.11: Super-imposed frequency signal at 0.1, 1, 10, and 100 MHz created by the pattern-
generator card TSW1406
calibration equation. Three moisture readings were done per repetition, and three repetitions of
the closed circuit test were made for each moisture level. The density was also kept constant for
this test at, in average, 0.133 g/cm3 (standard deviation of 0.0005 g/cm3). After the data was
collected, MATLAB was used to process it and extract the signals features.
Table 4.1: Switchgrass samples and their respective average moisture content levels corrected using
the calibration equation for three repetitions per level
Sample Label Average Std. Dev.
M0 9.60% 0.08%
M1 20.28% 0.81%
M2 30.10% 0.95%
M3 39.35% 0.27%
4.2.4 Signal Processing and Data Analysis
The raw data received from the ADC needed processing to extract the data to be used in the
sensor system. The approach on how to process this data digitally is expressed in Figure 4.12. First,
band-pass filters were designed to separate the different frequencies of the signals. Each filter was
applied to the raw data, and the outcome was analyzed individually. To extract the amplitude and
phase shift related to each frequency, a sine wave fit function was used for each of these individual
data from the band-pass filters. This allowed having separate values for amplitude and phase shift
for each wave for all tests and measurements. These two features were calculated for all tests,
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closed, open, and short. The result of these tests can be used to calculate the impedance of the
DUT and the material individually.
It is expected that the moisture will have an impact on the phase shift and amplitude of these
waves since they affect the dielectric properties of the material as seen previously. It can be assumed
that the higher the moisture content of a material, higher will be the amplitude. The change of the
switchgrass features will also influence the phase shift. The phase angle between the voltage and
current through an impedance is the arc tangent between the ratio of the capacitive reactance and
resistance of the same; thus, changing the moisture content will change the dielectric constant and
loss factor of the material, which will impact in the phase shift of the same.
Figure 4.12: Processing of the Data after it was collected from the Analog to Digital Converter. The
raw data was extracted by a band-pass filter, and a sine-wave fit algorithm was used to estimate
the amplitude and phase of each signal
4.3 Results and Discussion
The signal was generated from the DAC and sent through the SCB to the DUT through the
channels ADC DUT and ADC AB, as observed in Figure 4.9. An example of the raw signal for
switchgrass at a lower moisture content level (M0) is shown in Figure 4.13. As observed, the
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readings back from the DUT through the Auto-balancing bridge came back as a noisy, distorted
sine wave, even though the signal received FROM the DUT resembles the original wave.
Figure 4.13: Part of the raw signal coming through the Auto-Balancing Bridge and the ADC DUT
Channels
Better measurements were observed when the data was collected immediately before and after
the DUT but still passing through the initial voltage follower and capacitive load drivers, as shown
in Figure 4.14. These signals are closer to the super-imposed frequencies wave originally developed
and sent by the DAC. Thus, the signals read for the remainder of the tests were the ones before
and after the DUT. The connection between the boards used is presented in Figure 4.15
Figure 4.14: Raw Signals read from the ADC for the closed circuit before and after the DUT for
Switchgrass
The raw signal values read from the Analog to Digital converter was transformed from a raw
binary number to the appropriate voltage according to the ADC specifications. The resolution of
this ADC is 12 bits, and the maximum and minimum voltages are 2.4 (VMAX) and -0.4 V (VMIN ),
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Figure 4.15: Connections between the SCB, the DAC, and the ADC. The latter measured the
signal that was sent TO and received back FROM the DUT. This output channel IOUTA2 from
the DAC was connected to the DAC1 of the SCB
respectively; thus, the voltage range is 2.8 V. To transform from a binary number (RawBinary) to
voltage (V), the following Equation 4.2 was applied.
V =
(RawBinary)
2Resolution
× (VMAX − VMIN )− (VMAX − VMIN )
2
V =
(RawBinary)
212
× (2.4− (−0.4))− 2.4− (−0.4)
2
V =
(RawBinary)
4096
× (2.8)− 1.4 (4.2)
It can be observed that the signal received from the DUT had lower overall amplitude and a
different phase from the ones sent to it, which means that the material influenced the electric field
formed between the electrodes. However, for a more detailed analysis, it is necessary to extract the
waves with different frequencies from the raw signal.
Four different digital band-pass filters were created through MATLAB to extract these signals
from the original raw data. The center cutoff frequencies were those used to generate the signals,
and the bandwidth frequencies were equal to ±10% of the cutoff values. That is, for the filter
with a cutoff frequency of 10 MHz, the bandwidth was between 9.0 and 11.0 MHz. The standard
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MATLAB settings to construct the filter were used, where it was used a minimum-order filter with
stopband of 60 dB.
The results after each filter can be seen in Figure 4.16. It is observed that the data has a sine-
wave form and differences on the amplitude of the TO and FROM DUT’s signal. Additionally, there
is a difference between the phases of these two waves also, which is more perceptible in some cases
than others. However, it can be seen that the peak amplitudes of these two waves are not constant,
i.e., there is an amplitude modulation present after the band-pass filtered these signals. This could
be attributed to a ripple effect of the band-pass filter and the transition bands between the cutoff and
stopband frequencies that attenuated unwanted frequencies. Even though the band-pass should be
as narrow as possible, it is difficult to design an ideal filter that could extract the exact frequencies
wanted. This effect has been seen before by Benning et al. (2004), which attributed to sensor
system factors such as the electrode plate spacing, improper cable terminations, and inappropriate
PCB trace dimensions. The same could be applied for this scenario since the electrical components
play a significant role on the signal readings. It is expected that these sensor factors would affect
with the electrical noise in the signal as well, which ultimately impacts these measurements. One of
the objectives of the band-pass filter is also to minimize this noise. However, this could be difficult,
especially for the high frequencies of the white noise. Thus, an algorithm to calculate a sine-wave
fit was implemented to estimate the general amplitude and phase of each of these waves for a single
frequency.
A MATLAB function was utilized to fit the best possible sine wave to the filtered signals. It is
beyond the scope of this research to describe the algorithm used; however, the employed method
uses as input the raw signal, a time vector related to this signal, and how many waves are there
in it. The time vector was calculated by dividing the sample numbers (0 - 32678) by the sampling
rate (984 MHz). The outputs of this algorithm are the characteristics of the sine wave: amplitude,
frequency, and phase. An example of the reconstructed signal using these calculated parameters
can be observed in Figure 4.17, where the right axis represents the FROM DUT signal and the left
represents the TO DUT signal.
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As it can be observed from Figure 4.17, the phase difference between the TO and FROM
DUT are close to 180◦(pi), which it could be an effect of the balum boards converting the single-
ended signal to the differential. Additionally, the frequency estimated by the sine-wave fit was
slightly different from the one from the input signal. On average, for the closed circuit test, the
frequency varied between -4.28% to 11.5%, as it can be seen in Table 4.2. This can be attributed
to the bandwidth of the band-pass filter since the values are close to this range. For clarification,
even though the frequencies are moderately different, the nominal frequencies are used when it is
necessary to describe them.
Table 4.2: The average signal frequency (MHz) after the band-pass filter To and From the DUT
compared to the nominal input frequency
Nominal Closed Circuit (To DUT) Closed Circuit (From DUT)
Average Std. Dev. Average Std. Dev.
0.1 0.0901 0.00 0.0902 0.00
1 1.06 0.02 1.08 0.10
10 10.4 7.60 9.25 0.91
100 88.7 5.35 88.5 9.42
For this example, the overall amplitude of the TO signal was higher than the FROM. Thus, there
was a voltage drop across this example. To further analyze the difference between these two waves,
their attenuation and phase shift were calculated by dividing their amplitude and subtracting their
phase. The same was done for the results from the open and short circuit tests. This resulted in
a signal that can be expressed in the polar form, similar to the following equation, where S is the
signal value, Att is the attenuation between them, and φ is the phase difference.
S = Att× eiφ (4.3)
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Finally, the compensated Attenuation and phase shift could be calculated based on the equations
for the compensation tests according to the subsequent equation.
SCOM =
SXM
1− SXMSS
− SO (4.4)
Where SCOM is the compensated signal in the polar coordinate form, SXM is the signal from
closed circuit test, SS is from the short circuit, and SO is from the open test.
The results from Equation 4.4 are illustrated in Figure 4.18 for the material Still and in Fig-
ure 4.19 for the material in Movement. It is presented for all four moisture content levels, four
frequencies, and three repetitions; where three raw waves were recorded for each of these repetitions.
In general, the average attenuation increased with moisture content for all frequencies when
the material was still, but there was a considerable variation between them. Some values could
be considered as illogical. For example, one value at around 19% and 100 MHz for the material
still had an attenuation value higher than one, which means that the signal from the DUT had
higher amplitude compared to the signal sent to the DUT. Also, another value higher than one was
achieved for the material in movement at approximately 40% at 100 MHz. These outliers impacted
the average amplitude and its relationship with the moisture content. The phase data presented is
inconsistent: there is no apparent relationship with the moisture content and frequency for these
waves. Analogously, the dielectric loss tangent is defined as the ratio between the dielectric loss
factor (ε′′) and the dielectric constant (ε′). As previously seen, these two factors will increase with
moisture content, but decrease with frequency. Thus, it can be expected the same behavior with
the tangent of the phase shift of this signal. Nevertheless, more studies could reveal and help
understand the relationship between this variable and the moisture content.
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The attenuation and phase shift results were exported to JMP for further analyses. The ob-
jective was to use these two sets of data to design a statistical model to predict moisture content
based on the calculated attenuation and phase shift of these signals. For this, the data was split by
the frequency in such a way that they could be used separately to predict moisture content. The
regression method used was the forward stepwise regression. For this method, the model chooses
the parameters that significantly improves the model based on a probability-value threshold (for
this case, the probability was 0.10). The parameters used were the attenuation and phase in a
factorial to degree effect (second degree), where the total number of parameters were 36 plus the
intercept.
The results for the moisture content estimation for the material still and in movement are
presented in Equations 4.5 and 4.6, respectively. It can be observed that the equation for the
material still has fewer parameters compared to the one in movement. Also, equation 4.5 only
has parameters related to the attenuation of the waves. Indeed, the attenuation results were
more consistent than the phase for this motionless scenario. At the same time, the lack of more
parameters could mean that these data is poorly correlated to the moisture content and more
studies are necessary. The model to estimate the moisture content of switchgrass in motion has
both attenuation and phase involved in the parameters. Additionally, this model had a better
R2 value compared to the still equation, as observed in Table 4.3. One explanation could be the
number of parameters that were statistically significant for the prediction of moisture. But, also,
the samples for this case better represented the effects of moisture content in the attenuation and
phase of this electric signal.
M.C.(Static) = 0.128 + 0.254×Att0.1 + 0.393×Att10 − 0.128×Att100 (4.5)
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M.C.(Movement) = 0.195 + 1.14×Att1 + 0.236×Att10 − 0.0164× φ0.1...
−0.00447× φ10 − 0.0373× φ100 − 17.9× (Att1 − 0.00439)× (Att10 − 0.151)...
−0.812× (Att1 − 0.00439)× (φ100 − 0.219) + 0.391× (Att10 − 0.151)× (φ0.1 − 0.680)
(4.6)
Table 4.3: Statistical measures of the regression models developed for the prediction of moisture
content in switchgrass
M.C. Still M.C. Movement
R2 0.7901 0.9976
Adj. R2 0.7114 0.9913
RMSE 0.06225 0.01081
F Ratio 10.04 157.7
DF 3 8
Additionally, when analyzing the Predicted against the Actual values for both models (Figure
4.20.(a), it is observed that the model for the material in movement had a better correlation
compared to the still one. Also, the plot for the residuals shows no clear pattern for both models.
Indeed, the points are distributed randomly and symmetrically across the x-axis, which it can
indicate that the method chose to describe the relationship between these sets of data and the
moisture content is appropriate. However, more investigation and more data could be used to
improve the prediction of the moisture content of the material still. This model could be benefited by
the further study of the factors involved in this sensor system. Also, this data could be transformed
to fit the models better, i.e., other methods could be more appropriate for this example beyond the
second-degree factorial.
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Figure 4.20: Plot of (a) the Actual against the Predicted moisture content models and (b) residuals
for both motion scenarios and using switchgrass as the material
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4.4 Conclusions
A sensor system was developed to estimate the moisture content of agricultural products by
producing super-imposed frequency signals capable of generating an electric field between two
electrodes with material between them. Also, this system could read these electrical signals back for
further analyses. The data collected was filtered to extract waves for each frequency involved using a
band-pass filter. These waves were successfully separated from each other, and they could be further
utilized to fit sine waves to estimate their characteristics, such as amplitude, frequency, and phase.
Then, the compensation tests were used to calculate the attenuation and phase shift between the
signals by using switchgrass with different moisture content as the material under test. In general,
the attenuation of the waves increased with moisture content, but no apparent relationship was
observed for the phase shift. Based on the waves features, a prediction model was designed to
estimate the moisture content of switchgrass when this material was in movement and still. The
model regarding the material in motion had a better coefficient of correlation compared to the
other motionless model. However, both models could be improved by collecting more information
about switchgrass inside this electric field.
This sensor was capable of generating and reading the electrical signals necessary to correlate
moisture content and an electric field. Furthermore, this system could be used for determining
other characteristics of an agricultural material inside the sensor cell, beyond moisture content.
Other materials could be used for more studies beside switchgrass. Additionally, the velocity of the
sensor cell could also be a variable to determine if it influences the sensor readings.
This research helps to understand the relationship between an electric field and biological ma-
terials, especially in the studied frequency ranges. Additionally, this research could help develop
commercial moisture content sensors for grassy materials when these are being conveyed. For ex-
ample, this could serve as a precedent for applied sensors during harvest and baling operations of
grasses. Hence, improving the processes for these crops and, consequently, other factors such as
yield, profitability, and availability of energy in the form of biomass. All these can help have a
positive effect on food and energy security for the growing world population.
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CHAPTER 5. GENERAL CONCLUSIONS
5.1 Overall Findings and Limitations
The dielectric properties of material help explain its behavior inside an electric field. One of
these properties is the dielectric permittivity, which determines the change in the electric charge
caused by this material that is influenced by this external electric field. Physical characteristics of
a material can influence its dielectric properties. For example, the amount of water present in this
matter will affect its permittivity. This could be benefited as a method to determine the unknown
moisture content of agricultural materials. Indeed, electrical sensors can estimate the amount of
water contained in a product by using electrical readings and calibration techniques. Thus, the
study of the dielectric properties of agricultural materials is vital for the advancement of technologies
involving electrical sensing. This research studied the dielectric permittivity of switchgrass and corn
stover in a frequency range between 5 Hz and 13 MHz. Additionally, this research investigated if
there was a difference between the dielectric properties of the material still and in movement inside
the electric field. This was studied with the concern of simulating conveying operations of this
material and the possibility to develop a moisture content sensor capable of making measurements
when the products are in motion or stationary.
Overall, the results showed that both dielectric constant and loss factor decreased with fre-
quency, but increased with moisture content. However, some frequency bands had more consistent
results compared to other. This could be attributed to the techniques used by the impedance ana-
lyzer to measure admittance and the influence of physical properties of the agricultural materials
in the electric field. Therefore, detailed analyses were made for specific frequency ranges to study
the relationship between moisture content, frequency, and dielectric properties of the material. In
general, the developed statistical models showed a correlation between the physical properties of
switchgrass and corn stover to dielectric constant and loss factor. However, the models could be
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further improved by studying more moisture levels; mainly, the intermediary moisture contents of
the ones considered. Additionally, this could be applied to more low-density agricultural materials,
such as Miscanthus, which is also used for biomass and renewable energy.
The study of dielectric properties can help the development of new equipment that uses an
electric field to predict physical features of agricultural products. Even though this research fo-
cused on the effects of moisture content, this could be expanded to other features such as density,
temperature, and material size. All these characteristics influence the permittivity of grain (Nelson,
1982), but also could be applied to grasses despiting having different chemical composition.
Based on this study of the dielectric properties, an electric system was designed to sensor the
moisture content of agricultural products in motion. This system was capable of generating and
reading super-imposed multi-frequency signals that were used to create an electric field between
the studied material. Further, a printed circuit board (PCB) was designed to accommodate and
buffer the signal involved. This circuitry, named signal conditioning board (SCB), was responsible
for routing and facilitate the flow of the signal as intended.
Using digital signal processing techniques, the attenuation and phase shift of the signal sent
and received from the device under test (DUT) were calculated from the raw data collected from
the sensor. These results were used to create a moisture content prediction model for switchgrass.
Satisfactory coefficients of correlation were found between the models for the material still and in
movement (R2 equals to 0.7901 and 0.9976, respectively); however, these models could benefit from
more consistent data. More investigation could be made on a broader range of moisture content
and with different densities, as well. Additionally, the velocity of the tests was maintained constant.
A study investigating the effect of the angular velocity of this sensor could help understand if there
is an effect of this variable while predicting moisture content of agricultural materials.
5.2 Future Recommendations
The study of the dielectric properties can be expanded to broaden their applications in abundant
ways. Besides the suggestions already cited, the interaction between a material and an electric field
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can help support other uses for the agricultural industry. In this section, some recommendations
for future researches are suggested as a way to expand the use and understanding of the dielectric
properties.
Several steps need to be taken to make hay for animal feed. One of them is baling the dried
hay and transporting out of the field. In this process, a baler picks the material in the ground
and roles up to form cylindrical hays. Alternatively, these grasses can have a square format, which
depends on the equipment being used for compaction. The dielectric properties of a material will
be influenced by the bulk density of the same. This could be used as an advantage to develop an
electronic sensor capable of measuring the density of hays; thus they can have a consistency in
the formation of those. Farmers could benefit from this by having uniformity for this compressed
material, which could facilitate the monitoring and maintenance of the same. Beyond that, this
could help to determine the exact amount of matter in the hay, thus aiding in the calculation of
the total amount of grass feed it is available for each bale, for example.
This research showed that the dielectric permittivity of switchgrass and corn stover could be
calculated when the material is in motion. This could be applied to harvest operations. During
this process, it is essential to measure the mass flow being collected to calculate the crop yield. A
calibration equation could be developed to determine the amount of material being harvest using
an electric field with this material as the medium. This could benefit the agriculture industry by
having the same sensor calculating moisture content, density, and mass flow of the material under
a single instrument.
Motasemi et al. showed the use of dielectric properties to monitor a pyrolysis operation for
different grasses (Motasemi et al., 2014a,b, 2015). The same could be applied to other chemical
processes involving the transformation of cellulosic material into renewable fuels. For example,
it is possible to convert lignocellulosic biomass in ethanol by using by dilute-acid pretreatment,
enzymatic saccharification, and co-fermentation (Humbird et al., 2011). These processes are highly
influenced by the temperature and the chemical composition of the feedstock (Souza et al., 2018).
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Thus, an electric sensor could be developed to monitor, not only the temperature, but other quality
factors of the fermentation process to guarantee the successful conversion of biomass into ethanol.
5.3 Conclusions
It is clear that researches on dielectric properties are numerous, where each new investigation
leads to another opportunity to explore these parameters. Indeed, these properties follow the
advancements of agriculture in several ways, not just applied to biological materials and crops.
Thus, it is important to keep investigating and researching the interaction between materials and
an electric field. These sensors are well established in several aspects of agriculture and related
areas. However, there is always space for their improvement and, consequently, in the enhancement
of harvest yield, food processing, and energy security. The study of the dielectric properties and
its applications have essential importance in the development of agriculture and how its influence
in the safety and well-being of those related to this vital sector.
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APPENDIX A. MOISTURE METER CALIBRATION
A calibration for the moisture meter PCE-MA 100 was made using twelve samples of switchgrass
and corn stover. The moisture content of these samples were measured three times using the
moisture meter and the standard ASABE method (ASABE, 2012). The average of these three
readings were used in a linear regression model that was applied to correct the moisture content
when using the meter. The results can be seen in Tables A.1 and A.2, where the averages and
standard deviation of the three repetitions are shown with the coefficient of variation (standard
deviation divided by the average, in percentage) and the absolute difference between the ASABE
method and the moisture meter readings (in moisture points).
Table A.1: Average, standard deviation, coefficient of variation (CV), and difference between both
methods for the Switchgrass moisture content measurements
ASABE Moisture Meter
Average Std. Dev. CV Average Std. Dev. CV Difference
M01 8.53% 0.08% 0.95% 10.37% 0.17% 1.60% 1.84%
M02 9.06% 0.27% 3.00% 10.08% 0.05% 0.46% 1.02%
M03 9.26% 0.07% 0.78% 10.10% 0.17% 1.69% 0.85%
M11 19.82% 0.41% 2.04% 20.22% 0.77% 3.80% 0.40%
M12 20.58% 0.18% 0.87% 22.23% 1.37% 6.17% 1.65%
M13 22.06% 1.92% 8.71% 19.93% 1.07% 5.38% 2.13%
M21 27.67% 1.29% 4.65% 30.16% 2.34% 7.77% 2.49%
M22 28.63% 1.45% 5.05% 30.30% 1.88% 6.21% 1.68%
M23 29.93% 1.41% 4.70% 27.28% 0.71% 2.59% 2.65%
M31 36.54% 1.01% 2.77% 35.52% 0.24% 0.68% 1.02%
M32 36.81% 1.89% 5.13% 37.14% 0.93% 2.52% 0.33%
M33 38.24% 0.41% 1.07% 37.91% 0.34% 0.89% 0.33%
A Student’s T test was done to check if the means of the moisture content of switchgrass and
corn stover differ from the two methods, with a confidence level of 95%. The null hypothesis is that
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Table A.2: Average, standard deviation, coefficient of variation (CV), and difference between both
methods for the Corn Stover moisture content measurements
ASABE Moisture Meter
Average Std. Dev. CV Average Std. Dev. CV Difference
M01 9.90% 0.15% 1.52% 11.23% 0.11% 1.00% 1.33%
M02 9.84% 0.10% 1.02% 10.88% 0.06% 0.56% 1.04%
M03 9.92% 0.11% 1.16% 11.03% 0.03% 0.28% 1.11%
M11 22.04% 0.25% 1.14% 21.48% 0.61% 2.83% 0.56%
M12 20.99% 0.30% 1.43% 22.79% 0.90% 3.96% 1.80%
M13 22.02% 0.83% 3.78% 21.68% 0.53% 2.42% 0.34%
M21 31.05% 0.59% 1.91% 31.14% 0.08% 0.25% 0.09%
M22 30.17% 0.59% 1.95% 31.37% 0.56% 1.77% 1.20%
M23 33.98% 2.18% 6.42% 33.27% 1.74% 5.22% 0.71%
M31 39.29% 0.51% 1.29% 40.53% 1.37% 3.39% 1.24%
M32 37.61% 0.88% 2.34% 38.63% 0.73% 1.89% 1.02%
M33 38.69% 0.84% 2.17% 40.25% 1.51% 3.75% 1.56%
the mean moisture contents are equal for the two methods. Meanwhile, the alternative hypothesis
is that the mean moisture content read by the two techniques are different.
The results are shown in Table A.3, where it can be observed that the null hypothesis was
rejected for Corn Stover (P (T < t) equals to 0.005), but failed to be rejected for switchgrass
(P (T < t) equals to 0.311). Thus, there is evidence that the mean moisture content of switchgrass
is not different when using the two instruments; however, the opposite can be said about corn
stover.
Additionally, the Pearson correlation coefficient for these two data sets were calculated. This
value calculates how much two variables are linearly related, and from these results, it can be
observed that these are very high positively and linearly correlated. Thus, a linear regression
model could help understand the relationship between the moisture meter and the standard ASABE
method to estimate moisture content.
Two regression models were developed to correct the moisture content of switchgrass and corn
based on readings of the moisture meter and the standard ASABE method. The linear equations
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Table A.3: T test results comparing the mean for the moisture meter and the ASABE standard for
Corn Stover and Switchgrass
Corn Stover Switchgrass
Moisture Meter ASABE Stand. Moisture Meter ASABE Stand.
Mean 26.19% 25.46% 24.27% 23.93%
Variance 1.207% 1.214% 1.031% 1.129%
Observations 36 36 36 36
Pearson Correlation 0.9910 0.9822
df 35 35
t Stat 2.966 1.028
P(T<=t) one-tail 0.003 0.155
t Critical one-tail 1.690 1.690
P(T<=t) two-tail 0.005 0.311
t Critical two-tail 2.030 2.030
to adjust the moisture content for switchgrass and corn stover are shown in Equations A.1 (R2 =
0.9894) and A.2 (R2 = 0.9941), respectively.
y = 1.0411x− 0.0134 (A.1)
y = 1.0004x− 0.0074 (A.2)
Where y is the corrected moisture content (wet basis, w.b., in decimals) and x is the moisture
meter reading (w.b., decimals). The standard error for these regression models were 1.08% for
switchgrass and 0.830% for corn stover. The points used in the model and the developed linear
equations are illustrated in Figures A.1 and A.2 for switchgrass and corn stover, respectively.
The expected difference between the two methods can be attributed to the distinctness of the
steps taken for each of them. The moisture meter employs less material compared to the ASABE
standard. Even though this is more convenient for repetitive measurements, there could be spatial
moisture differences inside the plastic bags where the samples were located that could mask the
real representation of the water amount in the material. Meanwhile, the ASABE method used
more sample mass, which can better represent the moisture content of the entire sample. However,
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Figure A.1: Linear Regression Model for Mois-
ture Content calibration for Switchgrass
Figure A.2: Linear Regression Model for Mois-
ture Content calibration for Corn Stover
the average absolute difference between the methods for switchgrass was 1.37% and 1.00% for corn
stover. This difference is not irrelevant, but it is small for this application. Additionally, the
coefficient of variation was smaller than 9% for all cases. The highest CV was 8.71% for a sample
with a moisture content of 22.06% and using the ASABE method. Hence, even though there could
be differences between the two ways in the moisture content, for this case, it was minimal. Thus,
the moisture meter could determine the moisture content of the samples within the range of the
linear regression, but the correction equations were still used for a closer value to the ASABE
method.
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APPENDIX B. SAMPLE HOLDER DESIGN
Measurements of the studied materials were taken using a designed sample holder. This original
prototype worked as capacitor, where the agricultural materials were used as the medium between
the two electrodes. Additionally, the sample holder was developed to take measurements with
the material still and flowing. The designed was made using the Computer-aided design (CAD)
software SolidWorks (Edition 2016 x64, Dassault Systemes, 2015).
The complete sample holder had three components: stand, material container, and motor at-
tachments. The design of each of sub-assembly is described next.
Sample Holder Stand
The purpose of the sample holder Stand was to maintain the material container and motor
attachments. It was composed of two discs and three cylinders sustaining the discs, as shown in
Figure B.1.
The disc was made of a 10-gage steel (0.135 inches or 3.43 millimeters thick). It had an outer
diameter of 25.40 centimeters, a centered, through hole of 1.91 cm diameter, and six through holes
equally distributed along the margin of 0.64 cm diameter. The distance between the centers of
the marginal centered holes was of 10.80 cm. The complete drawing and design of disc is shown
in Figure B.7. The original steel plate was cut using a water jet cutter using this drawing as the
reference for the dimensions.
Three steel cylinders were designed to support the two discs. The cylinder had 15.24 centimeter
of height, outer diameter of 1.91 cm, and inner diameter of 0.64 cm, as observed in Figure B.8.
For its manufacturing, a 91.44 cm-high cylinder was cut in six parts, where three were used for the
stand.
117
Figure B.1: Complete 3D design of the sample holder stand using SolidWorks
The three cylinders were aligned and welded with the disc marginal holes by their center in an
alternate way (every other marginal hole had a cylinder). The remaining three marginal holes were
used to attach the sample holder stand to the material container.
Material Container
The material container was responsible to hold the material during the measurement and move-
ment it during flowing experiments (Figure B.2). Beyond that, the sensor electrodes were located
in this component, as well as the shield to minimize the fringe effect and the electrical connectors
necessary.
The first sub-assembly of the material container was the closure parts. As the name suggest,
these parts were the closures of the container, and also contained the electrodes and electrical
shield. BNC electrical connectors were attached to the electrodes and shield on this part through
wires. The closure had two layers: the first layer had one part, and the second layer had four. The
three marginal holes were used to attach the first layer to a part of the second layer. This part of
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the second layer was the base where the electrodes (Figure B.12, area of 72.21 cm2), shield (Figure
B.13), and another base (Figure B.14) for these last two parts were inserted; thus, completing
the closure part, as observed in Figure B.3. The plastic base for the electrode and shield were
manufactured using a 3D printer and composed of Polylactic acid (PLA). To manufacture it, the
printer needed a Raster Transfer Language (RTL) file, which was provided by SolidWorks. For
this file, the maximum resolution was used to ensure quality and precision in the dimensions of the
components. The two holes in the electrode plastic base were used to connect the electrode and
shield to the wires using silver epoxy. The shield was glued to the plastic base with their border
coinciding. The electrode was attached to the center of this first assembly. This complete electrode
assembly was attached to the base of the second layer using glue, and the first layer was connected
to the second one using plastic butterfly screws.
Figure B.2: Three-dimensional design of the completed material container.
Between the two closure parts, there was a center pad that was responsible to revolve the
material inside the container (Figure B.4). This center pad was used to accommodate the material
in its three slots and move it during the measurements using a stepper motor. Similar to the
electrode base, it was also made using a 3D printer and composed of PLA. The center hole of this
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Figure B.3: The closure part with a view of the
electrode
Figure B.4: The center pad that revolves the
material
pad was used to connect it to a shaft that was attached to the motor. The slots of the pad had the
same volume of 410.0 cm3, and its height was of 6.35 cm, which was also the distance between the
electrodes. Additionally, a plastic tube protected the center pad from the outside, but also served
as a support for the two closures. The complete material container was connected to the sensor
stand using three plastic threaded standoffs, with height equals to 2.54 cm.
Motor Attachments
A cylindrical shaft, with height of 19.05 cm and diameter equals to 1.27 cm, was used to connect
the center pad (Figure B.4) and a stepper motor. The motor used to revolve the materials was a
6-wire bipolar stepper motor with shaft diameter of 63.5 mm. Two motor couplings were used to
connect the motor to the main shaft. To control the stepper motor, the micro computer Raspberry
Pi 3 was used with a H-bridge circuit, as previously described. The assembly between the shaft,
motor, and couplings is illustrated in Figure B.5.
Complete Assembly
The assembly of the holder is shown in Figure B.6. All three main components of this assembly
were attached through screws or fit into parts of them. The motor shaft was inserted inside the
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Figure B.5: Complete assembly of the motor
attachments composed of shaft, couplings, and
stepper motor
Figure B.6: Drawing and dimensions of the
stand top disc using SolidWorks
center pad of the material container. Their diameters were very similar, but glue was used to
help fix them together. Since the motor was not used under high speeds and rotations, bonding
them with a glue was not a problem. The standoff and table were connected through screws
with butterfly nuts. The complete assembly successfully hold and revolved the material inside the
container. There were some material losses due to the movement and vibration of the motor, but,
even though it was not quantified, those were minimal to affect the readings.
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APPENDIX C. ELECTRICAL MEASUREMENTS UNCERTAINTY
The uncertainties of the dielectric constant and loss factor, measured by the impedance analyzer,
were calculated based on the accuracy and resolution of the equipment. This equipment has a
measuring range of 1 nano Siemens (S) to 10 S, while its maximum resolution is ±0.001 µS, and
the frequency range from 5 Hz to 13 MHz with a maximum resolution of 1 mHz. The uncertainty
(Uv) of the dielectric constant and loss factor was calculated based on the following equation.
UV =
√
Σ(Ui × θi)2 (C.1)
Where, θi is the sensitivity of the result with the measured variable ”i”, and Ui is the individual
measurement uncertainty for the component ”i”. The sensitivity (θ) is calculated by taking the
derivative of the calculated variable ”v” (for this case, dielectric constant, ε′, or loss factor, ε′′) by
the measured variable ”i” (for this case, susceptance, B, conductance, G, and angular frequency, ω).
Based on equations C.2 and C.3 and defining C0 = ε0
A
d , the sensitivity for the measured variables
B and G (of the DUT and ir), as well as the sensitivity of the frequency applied, can be calculated
as follows.
ε′MAT =
BDUT −BO
ωC0
(C.2)
ε′′MAT =
GDUT −GO
ωC0
(C.3)
θB =
δε′MAT
δB
= ± 1
ωC0
(C.4)
θG = ± 1
ωC0
(C.5)
130
θωB = −
BDUT −BO
ω2C0
(C.6)
θωG = −
GDUT −GO
ω2C0
(C.7)
Where, ε0 is the permittivity of free space equals to 8.854 × 10−12 F/m, A is the area of the
electrode equals to 72.21 cm2, and d is the distance between electrodes equals to 6.35 cm. The ±
sign in Equations C.4 and C.5 is to show that θB and θG are positive or negative when calculating
the sensitivity of the measured susceptance and conductance of the DUT (+) or the air (—),
respectively. Based on the Equations C.4 through C.7, the uncertainty for the dielectric constant
and loss factor could be calculated.
Uε′ =
√
(UBDUT × θBDUT )2 + (UBO × θBO)2 + (UωB × θωB )2 (C.8)
Uε′′ =
√
(UGDUT × θGDUT )2 + (UGO × θGO)2 + (UωG × θωG)2 (C.9)
The uncertainty of the impedance analyzer depends on the measurement value of the admittance
values, since it has a wide range for its evaluation. The resolution utilized in each measurement
range is shown in Table C.1. Even though they overlap, the least conservative scenario was chosen
for this analysis. Similarly, the frequency resolution varied depending on the range, as observed in
Table C.2.
To calculate the uncertainty of the dielectric properties measurements, values of susceptance
and conductance are needed. An example for one still reading using corn stover around 30% was
used to determine the uncertainty of the dielectric properties for this sample, as shown in Table
C.3. The uncertainty ranged from 3.61% to 10.8% for the dielectric constant, and from 1.09% to
28.9% for the loss factor. On average, the uncertainty of the dielectric constant was 6.21% and
10.0% for the loss factor; hence, the mean uncertainty of the imaginary part of the permittivity
was higher than the real part uncertainty for this material.
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Table C.1: Resolution of the impedance analyzer when measuring admittance (Agilent Technologies,
2000)
Admittance - |Y |
Measurement Range Resolution
0.01 S - 12.99 S 10 mS
0.0001 S - 1.2999 S 100 µS
0.01 mS - 129.999 mS 10 µS
0.001 mS - 12.999 mS 1 µS
0.0001 mS - 1.2999 mS 100 nS
0.01 µS - 129.99 µS 10 nS
0.001 µS - 12.999 µ S 1 nS
Table C.2: Frequency resolution of the impedance analyzer for admittance measurements (Agilent
Technologies, 2000)
Frequency
Measurement Range Resolution
5 Hz - 10 kHz 1 mHz
10 kHz - 100 kHz 10 mHz
100 kHz - 1 MHz 100 mHz
1 MHz - 13 MHz 1 Hz
Similarly, the dielectric constant and loss factor uncertainties were calculated for Switchgrass
scenario where its moisture content was close to 20% (wet basis, w.b.). As it can be observed in
Table C.4, the uncertainty of the dielectric constant varied from 32.7% at 100 Hz to 1.62% at 1
MHz; meanwhile, for the loss factor, the uncertainty varied from 43.1% to 7.02% at 10 MHz. The
average uncertainty was 14.2% for the dielectric constant and 17.1% for the loss factor; thus, the
mean of the uncertainty was slightly higher for the loss factor. However, there was no clear pattern
of the behavior of the uncertainty since these depend on the readings of the impedance analyzer.
In general, the uncertainty of the dielectric permittivity is linked to the conductance and suscep-
tance measurements and resolution of the applied frequency. To improve this feature, an impedance
analyzer with better resolution could be used; however, it can be observed that that the variation
in the measurements is also a source for the uncertainty. Thus, elements such as divergences
on the moisture content of the same sample, alteration in the bulk density during consecutive
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Table C.3: The dielectric properties uncertainty of Corn Stover based on one impedance analyzer
measurement
Freq. (Hz) ε′ ±Uε′ ±% ε′′ ±Uε′′ ±%
1.00E+02 674.7 44.7 6.63 3004.6 44.7 1.49
1.00E+03 123.9 4.47 3.61 411.5 4.47 1.09
1.00E+04 54.8 4.47 8.15 59.1 4.47 7.57
1.00E+05 29.4 3.18 10.8 20.7 3.18 15.4
1.00E+06 11.1 0.447 4.03 7.98 0.447 5.61
1.00E+07 11.1 0.447 4.02 1.55 0.447 28.9
Table C.4: The dielectric properties uncertainty of Switchgrass based on one impedance analyzer
measurement
Freq. (Hz) ε′ ±Uε′ ±% ε′′ ±Uε′′ ±%
1.00E+02 136.6 44.7 32.7 414.3 44.7 10.8
1.00E+03 55.8 4.47 8.01 71.3 4.47 6.27
1.00E+04 30.9 4.47 14.5 19.8 4.47 22.6
1.00E+05 13.3 3.18 24.0 7.38 3.18 43.1
1.00E+06 27.7 0.447 1.62 3.56 0.447 12.5
1.00E+07 10.0 0.447 4.45 6.37 0.447 7.02
measurements, and geometry of the sample holder could impact the uncertainty of these dielec-
tric properties. Additionally, the impedance analyzer utilizes two different techniques to measure
impedance or admittance: the Auto-Balance bridge and the Vector Voltage Ratio Detector. Ac-
cording to Agilent Technologies (2000), the first is used from the low frequencies up to 10 MHz,
while the second is used from until 13 MHz. Thus, these methods could also impact the accuracy
of the measurements since they work differently. These sources of uncertainty should be addressed
to understand the variations on the dielectric properties and to better design sensors based on the
permittivity of materials.
References
Agilent Technologies (2000). 4192A LF Impedance Analyzer Operating and Service Manual.
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APPENDIX D. PRINTED CIRCUIT BOARD BLUEPRINTS
Figure D.1: Bottom Copper Layer of the Signal Conditioning Board PCB
Figure D.2: Inner Copper Layer of the Signal Conditioning Board PCB
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Figure D.3: Top Copper Layer of the Signal Conditioning Board PCB
Figure D.4: Drill Layer of the Signal Conditioning Board PCB
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Figure D.5: Ground Plane Layer of the Signal Conditioning Board PCB
Figure D.6: Negative Voltage Supply Plane Layer of the Signal Conditioning Board PCB
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Figure D.7: Positive Voltage Supply Plane Layer of the Signal Conditioning Board PCB
Figure D.8: Pastemask Layer of the Signal Conditioning Board PCB
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Figure D.9: Silkscreen Layer of the Signal Conditioning Board PCB
Figure D.10: Bottom Soldermask Layer of the Signal Conditioning Board PCB
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Figure D.11: Top Soldermask Layer of the Signal Conditioning Board PCB
Figure D.12: Complete blueprint, except for the power planes, of the Signal Conditioning Board
PCB
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Table D.1: Bill of Materials (BOM) of the Signal Conditioning Board - Part I
Description QTY Ref Des Value
Capacitor 10 C6,C8,C10,C12,C14,C16,C18,C20,C22,C24 0.1uF
Resistor 3 R10,R12,R22 1kOhm
Capacitor 10 C5,C7,C9,C11,C13,C15,C17,C19,C21,C23 6.8uF
Resistor 1 R21 100kOhm
Resistor 11 R1,R2,R8,R11,R14,R20,R23,R24,R25,R26,R27 100Ohm
Resistor 8 R3,R4,R5,R7,R15,R16,R17,R19 147Ohm
Resistor 2 R6,R18 174Ohm
Resistor 1 Rab 5000Ohm
SMA connector 5 ADC AB,ADC DUT,DAC1,FROMDUT,ToDUT 73391-0060
Pin connector 1 J3 282834-4
Op Amp 5 AB,BF1,BF2,CLD1,CLD2 OPA690ID
Table D.2: Bill of Materials (BOM) of the Signal Conditioning Board - Part II
Description Manufacturer Mfg P/N #
Capacitor Murata GRM033C70J104KE14E
Resistor Panasonic ERA-1ARW102C
Capacitor Murata GRM033R61E682MA12D
Resistor Panasonic ERJ-U01F1003C
Resistor Panasonic ERJ-U01F1000C
Resistor KOA Speer RK73H1HTTC1470F
Resistor KOA Speer RK73H1HTTC1740F.
Resistor KOA Speer RK73H1HTTC4991F.
SMA connector Molex 73391-0060
Pin connector TE Connectivity 282834-4
Op Amp Texas Instruments OPA690ID
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APPENDIX E. MATLAB CODE FOR THE DIELECTRIC PROPERTIES
CALCULATION
1 %% Read F i l e
2 %This part reads the main ex c e l f i l e which has the Mater ia l t e s t and Open c i r c u i t
3 %te s t
4 c l o s e a l l
5
6 %Test f i l e f o r Switchgrass at 20%
7 f i l e = ’ TestData . x l sx ’ ;
8 %% Sort ing the raw data
9 f r e q = x l s r ead ( f i l e , ’Data ’ , ’G3 :BQ3 ’ ) ; % Reading the row which conta in s the
Frequenc i s in kHz
10
11 % Reading the S t a t i c Open C i r cu i t t e s t
12 % Conductance (G) o f the f i v e sweeps o f the open c i r c u i t t e s t and removing p o s s i b l e
z e r o s in the data
13 emptySt i l lA = x l s r e ad ( f i l e , ’Data ’ , ’G4 :BQ8 ’ ) ;
14 emptySt i l lA ( emptySti l lA==0)=NaN;
15 % Susceptance (B) o f the f i v e sweeps o f the open c i r c u i t t e s t and removing p o s s i b l e
z e r o s in the data
16 emptySt i l lB = x l s r e ad ( f i l e , ’Data ’ , ’BS4 :EC8 ’ ) ;
17 emptySt i l lB ( emptySt i l lB==0)=NaN;
18
19 % Same th ing f o r the t e s t with the sample ho lder in movement
20 emptyMovA = x l s r e ad ( f i l e , ’Data ’ , ’G9 :BQ13 ’ ) ;
21 emptyMovA(emptyMovA==0)=NaN;
22 emptyMovB = x l s r ead ( f i l e , ’Data ’ , ’BS9 :EC13 ’ ) ;
23 emptyMovB(emptyMovB==0)=NaN;
24
25 % Conductance (G) o f the mate r i a l t e s t s t a t i c f o r a l l f i v e r e p e t i t i o n s
141
26 % Each va r i ab l e below i s a r e p e t i t i o n with the f i v e sweeps
27 M1 Sti l lA = x l s r e ad ( f i l e , ’Data ’ , ’G14 :BQ18 ’ ) ;
28 M2 Sti l lA = x l s r e ad ( f i l e , ’Data ’ , ’G24 :BQ28 ’ ) ;
29 M3 Sti l lA = x l s r e ad ( f i l e , ’Data ’ , ’G34 :BQ38 ’ ) ;
30 M4 Sti l lA = x l s r e ad ( f i l e , ’Data ’ , ’G44 :BQ48 ’ ) ;
31 M5 Sti l lA = x l s r e ad ( f i l e , ’Data ’ , ’G54 :BQ58 ’ ) ;
32
33 % Susceptance (B) o f the mate r i a l t e s t s t a t i c f o r a l l f i v e r e p e t i t i o n s
34 % Each va r i ab l e below i s a r e p e t i t i o n with the f i v e sweeps
35 M1 Sti l lB = x l s r e ad ( f i l e , ’Data ’ , ’BS14 :EC18 ’ ) ;
36 M2 Sti l lB = x l s r e ad ( f i l e , ’Data ’ , ’BS24 :EC28 ’ ) ;
37 M3 Sti l lB = x l s r e ad ( f i l e , ’Data ’ , ’BS34 :EC38 ’ ) ;
38 M4 Sti l lB = x l s r e ad ( f i l e , ’Data ’ , ’BS44 :EC48 ’ ) ;
39 M5 Sti l lB = x l s r e ad ( f i l e , ’Data ’ , ’BS54 :EC58 ’ ) ;
40
41 % Conductance (G) o f the mate r i a l t e s t movement f o r a l l f i v e r e p e t i t i o n s
42 % Each va r i ab l e below i s a r e p e t i t i o n with the f i v e sweepsM1 MovA = x l s r e ad ( f i l e , ’
Data ’ , ’ G19 :BQ23 ’ ) ;
43 M1 MovA = x l s r ead ( f i l e , ’Data ’ , ’G19 :BQ23 ’ ) ;
44 M2 MovA = x l s r ead ( f i l e , ’Data ’ , ’G29 :BQ33 ’ ) ;
45 M3 MovA = x l s r ead ( f i l e , ’Data ’ , ’G39 :BQ43 ’ ) ;
46 M4 MovA = x l s r ead ( f i l e , ’Data ’ , ’G49 :BQ53 ’ ) ;
47 M5 MovA = x l s r ead ( f i l e , ’Data ’ , ’G59 :BQ63 ’ ) ;
48
49 % Susceptance (B) o f the mate r i a l t e s t movement f o r a l l f i v e r e p e t i t i o n s
50 % Each va r i ab l e below i s a r e p e t i t i o n with the f i v e sweeps
51 M1 MovB = x l s r ead ( f i l e , ’Data ’ , ’BS19 :EC23 ’ ) ;
52 M2 MovB = x l s r ead ( f i l e , ’Data ’ , ’BS29 :EC33 ’ ) ;
53 M3 MovB = x l s r ead ( f i l e , ’Data ’ , ’BS39 :EC43 ’ ) ;
54 M4 MovB = x l s r ead ( f i l e , ’Data ’ , ’BS49 :EC53 ’ ) ;
55 M5 MovB = x l s r ead ( f i l e , ’Data ’ , ’BS59 :EC63 ’ ) ;
56
57 %% Data V i s u a l i z a t i o n and compensation t e s t s
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58 [m, n ] = s i z e (M1 MovA) ;
59
60 % Average the f i v e sweeps f o r the open c i r c u i t t e s t
61 % Conductance − G
62 S t i l l G0 = mean( emptySti l lA , ’ omitnan ’ ) ;
63 Mov G0 = mean(emptyMovA , ’ omitnan ’ ) ;
64
65 % Susceptance − B
66 S t i l l B 0 = mean( emptySti l lB , ’ omitnan ’ ) ;
67 Mov B0 = mean(emptyMovB , ’ omitnan ’ ) ;
68
69
70
71 % Average o f the f i v e sweeps f o r each r e p e t i t i o n f o r the mate r i a l t e s t
72 % Conductance − G STATIC
73 % The data was gathered in a s i n g l e v a r i ab l e
74 S t i l lA= [ M1 Sti l lA ; M2 Sti l lA ; M3 Sti l lA ; M4 Sti l lA ; M5 Sti l lA ] ;
75 S t i l lA ( S t i l lA==0)=NaN;
76 Sti l l Gxm = mean( St i l lA , ’ omitnan ’ ) ;
77
78 % Susceptance − B STATIC
79 % The data was gathered in a s i n g l e v a r i ab l e
80 S t i l l B = [ M1 Sti l lB ; M2 St i l lB ; M3 St i l lB ; M4 St i l lB ; M5 St i l lB ] ;
81 S t i l l B ( S t i l l B==0)=NaN;
82 St i l l Bxm = mean( S t i l lB , ’ omitnan ’ ) ;
83
84 % Conductance − G MOVEMENT
85 % The data was gathered in a s i n g l e v a r i ab l e
86 MovA = [M1 MovA;M2 MovA;M3 MovA;M4 MovA;M5 MovA ] ;
87 MovA(MovA==0)=NaN;
88 Mov Gxm = mean(MovA, ’ omitnan ’ ) ;
89
90 % Susceptance − B MOVEMENT
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91 % The data was gathered in a s i n g l e v a r i ab l e
92 MovB = [M1 MovB;M2 MovB;M3 MovB;M4 MovB;M5 MovB ] ;
93 MovB(MovB==0)=NaN;
94 Mov Bxm = mean(MovB, ’ omitnan ’ ) ;
95
96
97
98 % Reading the shor t c i r c u i t t e s t in terms o f impedance
99
100 % re s i t a n c e o f the shor t c i r c u i t t e s t and mean o f the f i v e sweeps − R
101 scG = x l s r ead ( ’ Shor tC i r cu i t2 . xlsm ’ , ’Data ’ , ’G4 :BQ13 ’ ) ;
102 scG ( scG==0)=NaN;
103 Rs = mean( scG , ’ omitnan ’ ) ; %
104
105 % reactance o f the shor t c i r c u i t t e s t and mean o f the f i v e sweeps − Xs
106 scB = x l s r ead ( ’ Shor tC i r cu i t2 . xlsm ’ , ’Data ’ , ’BS4 :EC13 ’ ) ;
107 scB ( scB==0)=NaN;
108 Xs = mean( scB , ’ omitnan ’ ) ;
109
110
111 %% Compensation c a l c u l a t i o n s
112 % ca l c u l a t i n g the DUT admittance based on the mate r i a l t e s t and shor t
113 % c i r c u i t t e s t
114
115 %Denominator o f the DUT ca l c u l a t i o n based on Equation 3 .6 o f the
116 %d i s s e r t a t i o n
117 BLos sS t i l l = (1−abs (Xs .∗ St i l l Bxm ) ) ;
118 S t i l l Bdu t = abs ( St i l l Bxm ./ BLos sS t i l l −0) ;
119
120 BLossMov = (1−abs (Xs .∗Mov Bxm) ) ;
121 Mov Bdut = abs (Mov Bxm./BLossMov) ;
122
123 GLos sS t i l l = (1−abs (Xs .∗ Sti l l Gxm ) ) ;
144
124 S t i l l Gdu t = abs ( St i l l Gxm ./ GLos sS t i l l ) ;
125
126 GLossMov = (1−abs (Xs .∗Mov Gxm) ) ;
127 Mov Gdut = abs (Mov Gxm./GLossMov) ;
128
129
130 %% D i e l e c t r i c Pe rmi t t i v i t y c a l c u l a t i o n
131
132 % Var iab l e s d e f i n i t i o n
133
134 Area = 72 .21/(100ˆ2) ; % e l e c t r od e area in m2
135 d i s t = 5 .72/100 ; % d i s t ance between e l e c t r od e p l a t e s in m
136 AD = Area/ d i s t ; % r a t i o between area and d i s t ance (m)
137 e0 = 8.84194 e−12; % pe rm i t t i v i t y o f f r e e space (F/m)
138 C0 = e0∗Area/ d i s t ;
139 w = 2∗ pi ∗ f r e q ∗1 e3 ; % angular f requency ( x10ˆ3 rad/ sec )
140
141 %D i e l e c t r i c constant s t a t i c and in movement o f the mate r i a l
142 e 1 S t i l l = abs ( S t i l l Bdut−S t i l l B 0 ) . / (w∗C0)+1;
143 e1Mov = abs (Mov Bdut−Mov B0) . / (w∗C0)+1;
144
145 %D i e l e c t r i c constant s t a t i c and in movement o f the mate r i a l
146 e 2 S t i l l = abs ( St i l l Gdut−S t i l l G0 ) . / (w∗C0) ;
147 e2Mov = abs (Mov Gdut−Mov G0) . / (w∗C0) ;
148
149 f i g u r e (3 )
150 subplot ( 2 , 1 , 1 )
151 l o g l o g ( f req , e 1 S t i l l , ’ xr ’ ) ;
152 hold on
153 l o g l o g ( f req , e1Mov , ’ ob ’ )
154
155 g r id on
156 x l ab e l ( ’ Freq . (kHz) ’ , ’ FontSize ’ ,14)
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157 y l ab e l ( ’ Re l a t i v e D i e l e c t r i c Constant (\ eps i l on ‘ ) ’ , ’ FontSize ’ , 14)
158 l egend ( ’ S t i l l ’ , ’Movement ’ )
159
160 subplot ( 2 , 1 , 2 )
161 l o g l o g ( f req , e 2 S t i l l , ’ xr ’ ) ;
162 hold on
163 l o g l o g ( f req , e2Mov , ’ ob ’ )
164
165 g r id on
166 x l ab e l ( ’ Freq . (kHz) ’ , ’ FontSize ’ ,14)
167 y l ab e l ( ’ D i e l e c t r i c Loss Factor (\ ep s i l o n ”) ’ , ’ FontSize ’ ,14)
168 l egend ( ’ S t i l l ’ , ’Movement ’ )
